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TRIM22 IS A NOVEL RESTRICTION FACTOR OF HERPESVIRUSES 
Abstract 
The host response to the family of nuclear replicating DNA viruses or the 
herpesviruses includes the intrinsic, innate and adaptive arms of the immune 
system. Intrinsic resistance is a constitutively active line of defense against virus 
infections and members of the Tripartite Motif (TRIM) superfamily of proteins; 
such as TRIM5 and TRIM19/PML in nuclear domain 10 (ND10) bodies are 
important restriction factors in this system. Nuclear intrinsic restriction against the 
prototypical DNA virus, herpes simplex virus 1 (HSV-1) includes interferon-
inducible protein 16 (IFI16) and ND10 bodies. However, the viral E3 ubiquitin 
ligase, ICP0, encoded by wild-type HSV-1, targets these intrinsic immune 
proteins for degradation.  
Previous reports on the anti-viral function of TRIM22, the human paralog 
of the prototypical TRIM5α protein, emphasized its role as a gene of the innate 
immune system, particularly its expression as a Type I and Type II interferon-
stimulated gene and its antiviral function against retroviruses. This study shows 
that TRIM22 has an additional intrinsic immune role against DNA viruses, using 
the herpesviruses as an example of a family of DNA viruses.  
We report that TRIM22 is a novel restriction factor of HSV-1 and limits 
HSV-1 ICP0-null virus replication. The TRIM22-mediated restriction of HSV-1 
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occurs after nuclear entry but prior to viral immediate-early gene transcription, by 
promoting histone occupancy and heterochromatinization to reduce immediate-
early viral gene expression. The ICP0-rescued virus evades the TRIM22-specific 
restriction by a mechanism independent of TRIM22 degradation. We also 
demonstrate that TRIM22 inhibits other DNA viruses, including representative 
members of the β- and γ- herpesviruses. These results collectively show that 
TRIM22 acts in the nucleus, and provide evidence that TRIM22 restricts HSV 
gene expression by promoting histone occupancy on the viral genes. 
Furthermore, we identified seven haplotypic variants of TRIM22 and 
propose that amino acid substitutions in the linker L2 domain and the coiled-coil 
domain of TRIM22 alter the magnitude of its restriction against the 
herpesviruses. Together, these results argue for the importance of the TRIM22 
gene as a restriction factor against herpesviruses and offer a novel avenue for 
further investigation on the role of TRIM genes in host genetic variation in 
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It is almost certain that by the time humans reach adulthood, they have 
been exposed to a herpesvirus. The herpesviruses are a large family of viruses 
with linear dsDNA genomes that replicate in the nucleus of host cells. They are 
found throughout the metazoan kingdom in diverse hosts ranging from oysters to 
humans [1]. This successful co-speciation can partially be attributed to the viral 
gene products encoded by the herpesviruses. This helps the herpesviruses to 
co-opt the host anti-viral immune response during primary infection and establish 
latency in their natural hosts. The ubiquitous nature of these viruses combined 
with their ability for life-long persistence in hosts makes them a rich source of 
information on virus-host interactions. Other biological characteristics common to 
herpesviruses are their arsenal of enzymes important for nucleotide metabolism, 
DNA synthesis and protein processing, and the long-term lysis of infected cells 
upon the production of infectious progeny. 
 
1.1: Herpesviridae family and epidemiology 
The Herpesviridae family is divided into the Alphaherpesvirinae, 
Betaherpesvirinae and Gammaherpesvirinae sub-families. Among the 
approximately 130 herpesviruses identified in the environment, 9 of them are 
human pathogens. Herpes simplex virus 1 (HSV-1), herpes simplex virus 2 
(HSV-2), varicella-zoster virus (VZV) are α-herpesviruses. Human herpesvirus 
type-6A, -6B, -7 (HHV-6A, HHV-6B, HHV-7) and human cytomegalovirus 
(HCMV) are β-herpesviruses. Epstein-Barr virus (EBV) and human herpesvirus-8 
(HHV-8) are γ-herpesviruses [2].  
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The α-herpesviruses, such as HSV-1, demonstrate a wide range of 
cellular tropism and their lytic replication cycle is well characterized in in vitro 
models. These viruses establish latency in the sensory ganglia of neurons. In 
humans, the two prototypical herpesviruses, HSV-1 and HSV-2, are known to 
cause diseases ranging from orofacial infections, to herpes labialis, to life-
threatening encephalitis [1]. As of 2002, an estimated 90% of the worldwide 
population has either one or both of these viruses [3]. The prevalence of HSV-1 
in adults is 65% in the United States [4] and 15.5% of non-Hispanic adults in the 
United States are seropositive for HSV-2 [5]. VZV is the causative agent of 
chicken pox during primary infection and causes herpes zoster or shingles upon 
reactivation from latency.  
The β-herpesviruses have a more restricted range of cell tropism relative 
to the α-herpesviruses, and replicate at a significantly slower rate in vitro. These 
viruses establish latency in cells of the myeloid lineage. HCMV causes disease in 
immunocompromised individuals and transplant recipients. HCMV can also 
cause severe congenital disease. In the United States, 1 in 750 infants are born 
with or develop permanent problems due to congenital CMV infection [6].  
The γ-herpesviruses have a restricted cell tropism and tend to establish 
latent, rather than lytic, infection in lymphoid cells. Consequently, the study of 
lytic replication cycle for these viruses is technically challenging. As an example 
of a γ-herpesvirus infection, EBV infects epithelial cells and resting B cells and is 
the causative agent of infectious mononucleosis. EBV has also been associated 
with various cancers including Burkitt’s lymphomas, a subset of Hodgkin’s 
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lymphomas, and nasopharyngeal carcinomas. Over 95% of adults worldwide 
have been exposed to EBV [7] and remain lifelong carriers of the virus. In 
addition, the geographic distribution of EBV-associated cancers offers evidence 
for host susceptibility to herpesviral disease. For example, the EBV-associated 
nasopharyngeal carcinoma shows high incidence in South-East Asia, northern 
Africa, Alaska and Greenland [8,9]. In addition, the incidence of EBV-positive 
Burkitt’s lymphomas is high in equatorial Africa, Papua New Guinea and areas of 
Brazil [10]. However, this ethnographic distribution of EBV-associated cancers 
may be due to additional confounding correlative factors [11]. 
In conclusion, a significant proportion of the population worldwide is at risk 
for diseases associated with the herpesviruses due to their high prevalence and 
the ability to remain latent or “hidden” from the host immune response. 
 
1.2: Herpesvirus replication cycles 
The herpesvirus virion is able to replicate and target the host immune 
response due to the following features: (i) the innermost linear dsDNA genome 
devoid of histones is surrounded by (ii) the viral icosahedral capsid composed of 
protein subunits enclosed by (iii) an unstructured, proteinaceous layer called the 
tegument and (iv) an envelope containing viral glycoproteins.  
 
1.2.1: HSV-1 lytic replication cycle 
The viral lytic replication cycle proceeds as follows: (i) Attachment or binding 
to the target cell (ii) Entry into the cell (iii) Repression and de-repression of viral 
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DNA (iv) Gene expression (v) DNA replication and (vi) Assembly and egress 
(reviewed in [12]).  
Attachment or binding to the target cell: The virion glycoproteins, gC and gD, 
bind to glycosaminoglycans on the target cell surface. This allows for the viral gD to 
interact with one of the natural receptors of HSV- nectins, herpes virus entry 
molecule (HVEM), and 3-O-sulfated heparan sulfate. The resulting conformational 
changes in gH/gL, followed by the activation of gB allows for the fusion of the viral 
envelope with the cell surface membrane. 
Entry into the cell: After the envelope fuses with the cell membrane, the viral 
tegument and the enclosed capsid core transits through the cytoplasm along 
microtubules to the nuclear pores. The capsids dock at the nuclear pores and the 
viral DNA is then released into the nucleus in cooperation with host cell factors 
including host nuclear factor importin-β and nuclear pore complex proteins. 
Although some of the viral tegument proteins have different intracellular 
destinations, the viral VP16 tegument protein enters the nucleus. 
Repression and de-repression of viral DNA: After nuclear entry, the viral 
DNA circularizes in a process mediated by the cellular DNA ligase IV/XRCC4. The 
host cell initially silences the viral DNA by assembling the free viral DNA into 
nucleosomes and initiating posttranslational modifications of histone tails to 
compact the chromatin to form heterochromatin. At later times during infection, the 
amount of chromatin associated with viral DNA is reduced and posttranslational 
modifications that reduce the compaction of viral DNA or euchromatin marks are 
increased. The viral tegument protein, VP16, de-represses the chromatinized viral 
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gene promoters with the aid of other cellular factors such as Oct-1, host cell factor 1 
(HCF-1), lysine-specific demethylase 1 (LSD1), a histone acetyl transferase, 
CLOCK (reviewed in [12]). 
Gene expression: The viral genes are transcribed in three waves, starting 
with the immediate-early or α genes, followed by the early or β genes and ending 
with the late or γ genes. The viral gene transcripts are exported out of the nucleus 
into the cytoplasm, where the host cell translation apparatus is hijacked to 
synthesize the viral proteins.  
The immediate-early genes are transcribed in the absence of de novo 
protein synthesis and include infected cell polypeptide (ICP) 0, 4, 22, 27 and 47. 
The expression of early and late genes requires ICP4. ICP0 is particularly 
important as it promotes the replication of HSV-1 in experimental systems at low 
multiplicities of infection, as evidenced by a 10- to 1000- fold defect in viral yields 
of ICP0-deleted mutant viruses [13,14]. At high multiplicities of infection, this 
defect in viral yields is not observed in transformed cell lines. The U2OS 
osteosarcoma cell line is the most permissive cell line for ICP0-deleted mutant 
viruses and therefore, is the standard cell line for readouts of the number of 
infectious viral particles comparing wild-type and ICP0-mutant viruses. ICP0 
transactivates both viral and non-viral gene promoters [15]. This is partially 
mediated by ICP0’s ability to derepress viral genomes and counter the effect of 
host histone deacetylases (HDACs). Furthermore, ICP0 is crucial to the switch 
between latent and lytic replication of HSV-1 [16].  
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DNA replication: The early gene products are components of the viral DNA 
replication machinery and productive infection; the early proteins such as ICP8 
reduce the expression of the immediate-early genes. The HSV-1 gene products 
UL9 (origin-binding protein), ICP8 (ssdNA binding protein), UL30/UL42 (viral DNA 
polymerase), and UL5/UL8/UL52 (helicase/primase complex) are all involved in 
viral DNA synthesis. Concurrent with viral DNA replication, the late gene products 
are transcribed and serve in the structural assembly of newly formed capsids. 
Assembly and egress: The nucleocapsids transit through the nuclear 
membranes by multiple hypothesized processes including primary envelopment at 
the inner nuclear membrane, followed by deenvelopment at the outer nuclear 
membrane. The resultant capsids are associated with tegument proteins, followed 
by envelopment in cytoplasmic organelles such as the trans-Golgi network. The 
enveloped virus is then exocytosed out of the cell.  
 
1.2.2: HSV-1 latent replication cycle 
 The HSV-1 latent replication cycle is not as well studied as the lytic 
replication cycle. Following the spread of HSV-1 at the primary site of infection, the 
virus infects sensory neurons. The nucleocapsid travels via the axonal termini to 
the nucleus where the viral DNA is maintained as extrachromasomal circular 
episomes, associated with nucleosomes. Instead of the lytic genes usually 
expressed in productive infection, the latency-associated transcripts (LATs) are 
produced. The virus undergoes reactivation or a return to lytic infection under many 
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conditions including stress and UV irradiation to the host. This reactivation can lead 
to a visual asymptomatic lesion.   
 
1.2.3: EBV lytic replication 
The lytic replication cycle of EBV is mostly informed by studies on 
reactivation from latency. Viral entry in epithelial cells occurs at the cell surface 
rather than through endocytosis. In addition to CD21, the EBV glycoprotein 
BMRF2 also mediates attachment to tonsilar epithelial cells. The viral immediate- 
early gene products, BZLF1 and BRLF1, are expressed in lytic infection. These 
proteins then induce the expression of the early gene products, BALF5 or the 
EBV DNA polymerase, BMRF1, and the ssDNA binding protein BALF2 (reviewed 
in [17]). The EBV genome then replicates in a rolling circle mechanism similar to 
HSV-1 DNA replication in discrete nuclear compartments. This is followed by late 
gene expression resulting in the production of viral capsid antigen, major capsid 
protein and glycoproteins. Linear individual units of viral genomes are assembled 
with the structural capsid proteins and the newly assembled nucleocapsids 
transit through the cytoplasm and exit the cells.  
 
1.2.4: EBV latent replication cycle 
Unlike HSV-1, EBV primarily undergoes the latent replication cycle in in vitro 
systems of infection. The ability of the virus to establish latency is closely tied with 
the number of EBV-associated cancers mentioned earlier.  
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Attachment: In B cells, the EBV virion glycoproteins gp350/220 bind to 
CD21, a complement C3d receptor, to tether the virus onto B cells. Further binding 
in B cells is mediated by the interaction between the viral gp42 and the cellular 
HLA-II (Including HLA-DP, HLA-DQ and HLA-DR) [18,19]. This is followed by 
fusion mediated by viral gH/gL and endocytosis of the attached virion.   
Transformation of B cells: After infection of B cells, the host RNA 
polymerase II transcribes viral genes. Early in viral replication, the Wp promoter 
drives the expression of the EBV gene products, Epstein Barr nuclear antigen-2 
(EBNA-2) and Epstein Barr nuclear antigen leader protein (EBNA-LP). The virus 
establishes different patterns of gene expression in stages designated as latency 0, 
latency 1, and latency 2. The major viral gene products expressed during this stage 
are EBV encoded RNAs (EBERs), microRNAs, Epstein Barr nuclear antigens 
(EBNAs) and latent membrane proteins (LMPs) found in cellular membranes.  
In latency 0, or the stage in which the virus is found in B-lymphocytes of 
infected patients, very few viral gene products are expressed. In latency 1 found in 
Burkitt’s lymphoma, only EBNA1 is expressed. In latency 2 found in 
nasopharyngeal carcinomas, Hodgkin’s lymphomas, T-cell lymphomas, EBNA1, 
LMP1 and LMP2 are expressed. In latency 3, the virus establishes latency in B 
cells, which get immortalized and proliferate as lymphoblastoid cell lines (B-LCLs). 
All the known latent genes are expressed in B-LCLs including EBNA-1, EBNA-2, 
EBNA-3A, EBNA-3B, EBNA-3C, LMP1, LMP2 and BARTs and EBV encoded 
RNAs such as EBER-1 and EBER-2. EBNA-LP and EBNA-2 reach stable levels at 
24-32 hours post infection (hpi), which are maintained in B-LCLs (reviewed in [12]).  
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Episome formation and maintenance:  The viral genomes are maintained in 
B-LCLs as multicopy, extrachromosomal, covalently closed circular DNA genomes 
called episomes in the nucleus during latency. These episomes are associated with 
chromatin in the form of nucleosomes and are maintained in stable copy numbers 
and passed to daughter cells through non-stochastic segregation by an EBNA1- 
mediated mechanism [20-23]. Besides EBNA1, proteins involved in the DNA 
replication fork protection, Timeless (Tim) and Timeless-interacting protein (Tipin) 
are essential for the maintenance of episomal forms of EBV DNA in latent cells [24]. 
 
1.3: Immune response to herpesviruses 
The immune response to the herpesviruses consists of the adaptive, 
innate, and intrinsic arms. The adaptive immune responses include cell-mediated 
immunity and antibody production. The innate immune response includes the 
induction of complement, activation of natural killer (NK) cells and macrophages, 
production of interferons (IFNs) by plasmacytoid dendritic cells (pDCs), 
conventional dendritic cells and macrophages. Prior to the induction of these 
various responses, the host response includes intracellular innate immune 
recognition of the herpesviruses. The innate immune sensing of HSV-1 is 
described below as a relevant example. 
 
1.3.1: Innate immune response to herpesviruses 
The patterns of the virus that are recognized as foreign, referred to as 
pathogen-associated molecular patterns (PAMPS) include proteins such as viral 
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glycoproteins and tegument; nucleic acids such as the GC-rich DNA genome and 
RNA [25]. The host cell has pattern recognition receptors (PRRs), which 
recognize these PAMPs, as part of the innate immune response. Examples of 
PRRs include members of the Toll-like receptor (TLR) family, NOD-like receptors 
(NLRs) and RIG-I like receptors (RLRs). This results in signaling mediated by 
adaptor proteins, the activation of transcription factors such as interferon 
regulatory factor (IRF) -3, -7, Activator Protein 1 (AP1) and nuclear factor κB (NF-
κB). Consequently, this results in the induction of Type I IFNs and other 
cytokines [26].   
Upon viral adhesion to the host cell, viral glycoproteins gH/gL and gB are 
recognized by Toll-like receptor 2 (TLR2), resulting in NF-κB activation and the 
production of pro-inflammatory cytokines in 293T cells [27]. Endosomal TLR3 
recognizes dsRNA and endosomal TLR9 recognizes unmethylated CpG DNA. 
This triggers the production of IFNβ, IFNλ and IL6.  
The viral DNA transitions through the cytoplasm where it is recognized by 
cyclic GMP-AMP synthase (cGAS) [28], DEAD (Asp-Glu-Ala-Asp) Box 
Polypeptide 60 (DDX60), DEAH (Asp-Glu-Ala-His) Box Helicase 9 (DHX9) [29], 
DHX36 [29] or Ku70, which leads to the production of cytokines such as Type I 
IFN. Viral DNA is also recognized in endosomes by TLR9 upon endocytosis in 
plasmacytoid dendritic cells. Upon nuclear entry, viral DNA is recognized by 
IFI16 resulting in the IRF3 mediated production of IFNβ [30] and caspase 
activation through a hypothesized inflammasome-mediated pathway [31]. 
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The prototypic member of the RIG-I-like receptors (RLRs) RIG-I, detects 
the 5’-triphosphate RNA transcribed from the HSV-1 DNA by RNA pol III. 
Melanoma differentiated gene 5 (MDA5), another RLR family member, 
recognizes higher order RNA intermediates in the cytoplasm transcribed from 
viral DNA resulting in IFNβ, IFNλ and TNFα production [32]. Therefore, it is 
evident that the host cell mounts a significant immune response against infection 
by DNA viruses.  
The importance of the intracellular innate immune response to the 
herpesvirus is evidenced by the fact that susceptibility to herpesviral diseases 
increases in hosts with mutations in genes of this pathway. Mutations in 
components of the TLR3 innate immune signaling pathway in young children 
aged 3 months – 6 years old increase the risk of recurrent herpesvirus 
encephalitis. These mutations in TLR3 [33], TRAF3 [34], UNC93B1 [35] and 
TRIF [36] genes are hypothesized to reduce the capacity of these patients to 
produce Type I IFNs. Interestingly, these individuals do not seem to show an 
increased susceptibility to other pathogens suggesting that the deficiency in the 
TLR3 signaling pathways is specific to herpesviral susceptibility in these patients 
[37].  
The importance of the extracellular innate immune response is evident in 
rodent models of herpesviral infections. Resistance to MCMV, a murine β-
herpesvirus, was attributed to the Cmv4 gene locus encoding the NK cell 
receptor, Ly49H [38]. The expression of Ly49H on NK cells of C57Bl/6 mice also 
contributes to the resistance of these mice to MCMV infection, whereas the 
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absence of the Ly49H receptor on Balb/c mice contributes to the susceptibility of 
these mice to MCMV. 
Despite the significant host immune response to herpesviruses, these 
viruses have a noteworthy amount of genomic space to encode viral proteins that 
help evade the immune response. For example, HSV-1 counters the immune 
response in the following ways: (i) inhibition of host transcription (ii) degradation 
of host messenger RNAs (mRNAs) and the resultant depletion of short-lived 
cellular proteins by the virion host shutoff (vhs) protein (iii) overcoming the cell-
mediated repression of viral DNA (iv) degradation of cellular proteins needed for 
the immune response by the infected cell polypeptide 0 (ICP0) (v) disruption of 
host mRNA splicing (vi) prevention of apoptosis and autophagy (vii) inhibition of 
antigenic presentation (viii) inhibition of cellular cytotoxicity implemented by the 
immune system (reviewed in [12]).  
 
1.3.2: Intrinsic response to the herpesviruses 
Unlike the intracellular innate response, which requires signaling upon 
viral recognition, the cell’s intrinsic resistance system is setup for an immediate 
response to viral infection. It consists of germline encoded, constitutively 
expressed factors which do not require additional signaling to respond to viral 
infection [39]. In addition to this intrinsic role, a number of these components are 
also induced by IFN. The components of the intrinsic immune system have been 
well established in studies of in vitro tropism for retroviruses- primarily the 
identification of Friend virus susceptibility gene (Fv1) in the restriction of the 
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murine leukemia virus (MLV). Other examples of the intrinsic immune system 
include the APOBEC family of RNA-editing cytidine deaminases. These enzymes 
convert viral cytidine to uridine. Another example is tetherin, which has been 
shown to prevent HIV-1 viral budding, and members of the TRIM superfamily of 
proteins, which differ in their mechanisms of viral inhibition. 
In the context of herpesviruses, the intrinsic immune response consists of 
nuclear domain 10 (ND10) bodies [40]. In addition to being upregulated by IFN, 
these are well-studied intranuclear organelles that confer resistance to the 
herpesviruses. They consist of cellular proteins including TRIM19/ promyelocytic 
leukemia protein (PML), Sp100, hDaxx and α-thalassemia/mental retardation 
syndrome X-linked protein (ATRX) [40]. hDaxx has been shown to repress 
human cytomegalovirus (HCMV) and a replication-defective version of HCMV 
[41].  Both hDaxx and ATRX have been shown to be important in chromatin 
modification and viral gene repression, particularly in HSV-1 and HCMV infection 
[42]. PML will be discussed in further detail later. 
Another intrinsic mechanism of herpesviral inhibition is the silencing of 
viral DNA upon nuclear entry by IFI16. The depletion of IFI16 has been shown to 
promote the replication of an ICP0-null virus [43]. This was due to a reduction in 
the heterochromatin marks and an increase in euchromatin marks associated 
with the viral gene promoters [43]. Much like PML, IFI16 is also upregulated by 
Type I IFN. 
Furthermore, cellular factors involved in the DNA damage repair response 
are also capable of recognizing viral genetic material [44] and localize to sites of 
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incoming viral genomes independently of ND10 components [45]. Although 
components of the Ataxia telangiectasia mutated (ATM)-dependent signaling 
pathway such as ATM and Mre11 are beneficial for lytic replication [46], the 
ubiquitin ligases RNF8 and RNF168 are recruited to incoming viral genomes [47]. 
These proteins in turn recruit 53BP1, a known DNA damage repair protein, in an 
attempt to restore what the cell perceives as “damaged” DNA. Although the effect 
of these proteins on viral replication is yet to be elucidated clearly, these DNA 
damage repair proteins provide a repressive environment for incoming genomes 
[45]. The absence of Ku70, a protein involved in non-homologous end joining, in 
mouse embryonic fibroblasts increases HSV-1 viral replication [48]. 
Much like the viral mediated escape of the innate immune response, the 
herpesviruses encode proteins that confer escape from the intrinsic immune 
response. As an example, the HSV-1 ICP0 counters the host immune response 
by disruption of ND10 bodies, degradation of the components of ND10 bodies 
such as PML and Sp100 [49] and degradation of IFI16 [30]. ICP0 has also been 
shown to counter the DNA damage response by targeting the degradation of the 
DNA repair proteins, RNF8 and RNF168 [47]. Furthermore, ICP0 has been 
demonstrated to sequester the accumulation of a transcription factor important 
for the induction of Type I IFN in the nucleus, or IRF3 [50]. These functions of 
ICP0 are partially attributed to its N-terminal RING domain, which contains E3 
ubiquitin ligase activity.  
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1.3.3: TRIM proteins 
Members of the Tripartite Motif (TRIM) superfamily of proteins are known 
mediators of the intrinsic immune response  (reviewed in [51]). They are found 
throughout the metazoan kingdom with over 60 proteins identified in humans. 
Functionally, they are involved in multiple cellular processes including apoptosis, 
cell differentiation and proliferation, with a number of them involved in anti-viral 
activity. The order and spacing across all TRIM proteins are conserved, in that 
they share a common structure of a RING (‘really interesting new gene’) domain 
followed by one or two B-box domains, a coiled-coil domain and a variable C-
terminal domain.  
The RING domain consists of 40-60 amino acid residues and is capable of 
binding zinc atoms [52]. The RING domain is hypothesized to have E3 ubiquitin 
ligase activity in all TRIM proteins, and this has been validated in TRIM5δ and 
TRIM5α isoforms, TRIM18/MID1, TRIM22, TRIM25, TRIM32 and TRIM35 
(reviewed in [53]). In addition, the RING domain of TRIM19/PML has been shown 
to associate with the SUMO-conjugating enzyme, UBE21, demonstrating its 
potential role in SUMOylation (reviewed in [54]).  
The TRIM proteins also have one or two B-box domains, consisting of two 
CHC3H2 zinc-finger motifs consisting of 40 residues each (reviewed in [53]). They 
have been shown to confer anti-viral specificity and higher-order oligomerization 
in the context of TRIM5 to promote capsid-binding [55],[56]. However, a 
consistent role for the B-box domains across the different TRIM proteins is yet to 
be elucidated (reviewed in [53]).  
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The coiled-coil domain is a secondary protein structure comprised of α-
helices and promotes homo-oligomerization (reviewed in [53]). The presence of 
the coiled-coil domain has been shown to be important for TRIM5’s ability to 
trimerize and function as a restriction factor [57].  
Although the C-terminal domain varies across the different TRIM proteins, 
40% of the 66 TRIM proteins identified have a B30.2/SPRY domain (related to 
the immunoglobulin folds of the butyrophilin protein) ([58], reviewed in [53]). 
Therefore, the domains of the TRIM proteins have been shown to clearly impact 
their anti-viral function. The following sections address the anti-herpesviral role of 
specific TRIM proteins. 
 
1.3.3.1: TRIM19/ PML 
 The initial characterization of TRIM19 was due to a chromosomal 
translocation in acute promyelocytic leukemia patients, resulting in a fusion 
protein with retinoic acid receptor-α (RAR-α) [59] [60,61]. The promyelocytic 
leukemia protein (PML) is involved in a variety of cellular processes including 
apoptosis, cell proliferation, transcriptional and translational regulation, signal 
transduction and the DNA damage response (reviewed in [53], [62]). It is 
hypothesized that the variation in the C-terminal domain of the splice variants 
confers the ability of PML to interact with a variety of different proteins (reviewed 
in [53]). PML is important for the integrity of nuclear domain 10 (ND10) bodies in 
the nucleoplasm [63], in which it is associated with a number of other proteins 
including hDaxx/ATRX and Sp100.  
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PML has both innate and intrinsic functions: It has been shown to regulate 
Type II IFN (IFNγ) signaling [64], and is also upregulated by Type I IFN resulting 
in an increase in the number and size of ND10 bodies. It confers resistance to 
RNA viruses such as HIV-1, vesicular stomatitis virus [65,66] and influenza A 
virus. PML has been shown to inhibit the replication of a number of DNA viruses 
including parvoviruses [67], HCMV and an ICP0-null mutant of HSV-1. 
 
1.3.3.2: TRIM5  
TRIM5 is a well-studied TRIM protein that has been shown to restrict HIV-
1 in Old World monkeys. HIV-1 restriction was previously shown to be a function 
of cross-species restriction factors, Ref 1 and Lv1 ([68-72], reviewed in [67]). The 
TRIM5α isoform in rhesus macaques (rhTRIM5α) has been shown to restrict 
HIV-1 by capsid recognition and accelerated uncoating of the capsid and has 
been shown to be a novel PRR for viral capsid [73,74]. TRIM5 in humans has 
some anti-viral activity against HIV-1. However, this does not show the same 
level of potency as rhTRIM5α [75-77].  
The different domains of TRIM5α have been shown to modulate anti-viral 
activity in the context of HIV-1 restriction [55,57,78-82]. It was also found that a 
single point mutation in the C-terminal SPRY domain of human TRIM5 could 
confer restriction against HIV-1[77]. In addition, expression levels of the human 
TRIM5 and polymorphisms in the TRIM5 gene can also confer resistance against 
HIV-1 [83,84]. Therefore, the literature describing anti-retroviral role of TRIM5 is 
well established.  
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However, the role of TRIM5 in DNA viruses such as herpesviruses was 
only recently elucidated. Rhesus fibroblasts show a 2-log defect in HSV-1 KOS 
replication and a 3-log defect in HSV-2 replication relative to the human cell line, 
HeLa [85]. Upon further investigation, Old World monkey TRIM5α, particularly 
rhTRIM5α, inhibited HSV-1 replication by a few-fold at low multiplicities of 
infection (MOIs), and this is overcome at higher MOIs. This MOI-dependent 
effect on viral restriction is consistent with previous reports of the TRIM5-
mediated restriction of HIV-1 [74]. The TRIM5-mediated effect was at an early 
stage in the viral life cycle prior to immediate-early gene expression. 
Furthermore, the Letvin laboratory demonstrated that haplotypic variation in 
TRIM5 altered the levels of herpesviruses in rhesus macaque cells; rhTRIM5 
genes encoding a two amino acid deletion in the B30.2/SPRY domain 
demonstrated lower permissivity to β- and γ- herpesviruses, particularly rhesus 
CMV and rhesus LCV, than rhesus macaque B-LCLs encoding the TRIM5 with 
wild-type B30.2 domain [86]. These studies established a premise for the study 
of TRIM genes relative to herpesvirus susceptibility.  
 
1.3.3.3: TRIM22 
 TRIM22 or Stimulated Trans-acting factor of 50kDa (Staf50) located on 
chromosome 11p15 was initially identified as a Type I and Type II interferon- 
stimulated gene in a human lymphoblastoid cell line (B-LCL) [87,88]. It was 
further hypothesized to function as a nuclear E3 ubiquitin ligase [89]. Consistent 
with the antiviral role of a number of interferon-stimulated genes, multiple reports 
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have established that TRIM22 is upregulated by IFNα [90-92], PEGylated-IFNα 
[93], IFNβ [92,94], IFNγ [95,96] and upon rubella virus [97] and HIV-1 infection 
[97,98]. In the absence of exogenous IFN, TRIM22 is expressed at high levels in 
immune cells including resting T cells [99]. TRIM22 is consistently repressed in 
activated T cells [99] and was found to be down-regulated in CD4+ lymphocytes 
from a patient with systemic lupus erythematous (SLE), an autoimmune disorder 
[100].  
Besides its additional role as an activator of the non-canonical NF-κB 
pathway [101,102], other reported roles of TRIM22 include its role as an anti-
proliferative and differentiation-associated gene. It has been shown to be a p53 
target gene, to inhibit clonogenic growth of U937 leukemic cells, and to have 
decreased expression during progression of CD34+ human bone marrow 
progenitor cells to late erythroid maturation [103].  
There is evidence for a role for TRIM22 in humans, which include the 
following: (i) Down-regulation of TRIM22 was shown to be associated with 
relapse in patients with Wilms’ tumors or nephroblastomas [104] and increased 
mortality [105]. (ii) TRIM22 expression correlated negatively with plasma viral 
loads in HIV-1 infected patients [106] and correlated positively with CD4+ T cell 
counts in these patients [92]. (iii) TRIM22 has been demonstrated to have 
significant anti-viral activity against human immunodeficiency virus-1 (HIV-1) 
[87,92,94,107,108], encephalomyocarditis virus (ECMV) [109], hepatitis B virus 
(HBV) [110], hepatitis C virus (HCV) [90], and influenza A virus (IAV) [91]. Most 
of the antiviral function of TRIM22 has been attributed to the E3 ubiquitin ligase 
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activity of its pertinent RING domain [89]. It has been shown to mediate the 
ubiquitination of the ECMV 3C protease, which is crucial for the replication of this 
single-stranded RNA virus [109], to target the influenza A virus nucleoprotein for 
degradation [91] and to interrupt HCV replication by ubiquitination of the viral 
NS5A [90].  
The reports on the mechanism of TRIM22-mediated restriction of HIV-1 
are unclear. TRIM22 has been shown to inhibit HIV-1 LTR transcription in a 
RING-domain independent manner [108]. However, mutating the cysteine 
residues at positions 15 and 18 residues in the RING domain of TRIM22 
prevented the trafficking of Gag protein to the plasma membrane, and thus 
abrogated the budding of HIV-1 particles [94]. It has also been shown to inhibit 
the HBV core promoter activity in a RING domain-mediated mechanism. 
However, the role of the RING domain in this study is due to the nuclear 
localization conferred by this domain, rather than its E3 ubiquitin ligase activity 
[110]. 
Interestingly, some viruses potentially hijack the TRIM22’s anti-viral 
properties to prevent super infection upon establishment of latency. TRIM22 was 
shown to be upregulated in cell lines expressing the γ-herpesvirus, KSHV 
latency-associated nuclear antigen (LANA) [111] and EBV latent membrane 
protein 1 (LMP1) [112]. Therefore, TRIM22 as an innate immune gene and other 
functional properties are well established, however its role as a restriction factor 
has not been elucidated. 
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1.3.3.4: Evolutionary history of the TRIM5 and TRIM22 gene neighbors 
The virus-host conflict can be characterized by rapid changes at the host-
virus interface in anti-viral genes such as TRIM5. The ratio of rate of occurrence 
of non-synonymous amino acid substitutions (dN) to the rate of occurrence of 
synonymous amino acid substitutions (dS) or the dN/dS ratio is a means of 
quantifying protein evolution [113]. dS is fixed by random genetic drift and is 
neutral. Therefore, if dN exceeds dS, then the interpretation is that positive 
selection fixes non-synonymous amino acid substitutions faster than neutral 
ones. Conversely, if dN is lower than dS, then purifying selection removes a 
proportion of the non-synonymous amino acid substitutions and refers to high 
conservation.  
The anti-viral TRIM5 gene sits in a gene cluster with TRIM6, TRIM34 and 
TRIM22 at position 11p15.4.  Evolutionary analysis of the primate TRIM5 gene of 
17 primate genomes spanning 33 million years of evolution demonstrated that it 
was positively selected for, predating the origin of primate lentiviruses, which 
have been hypothesized to originate <1 million years ago [114,115]. The authors 
suggested that the episodic positive selection of the TRIM5 gene in primates is 
influenced by interaction with endogenous retroviruses and retrotransposition 
events. This positive selection was concentrated on residues in the C-terminal 
SPRY domain, a region known to be important for lentiviral interaction [114].  
Further investigation of the dN/dS parameter of the TRIM5 and TRIM22 
gene neighbors in human, rhesus macaque and chimpanzee genomes showed 
that TRIM22, much like TRIM5, is also positively selected for in primates [116]. 
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Further analysis of the TRIM22 genes in 21 primate genomes spanning 33 
million years of primate divergence provided strong support for the positive 
selection of TRIM22 in the hominoid and Old World monkey clades, suggesting 
that it has been positively selected since 23 million years ago [116].  
Interestingly, the TRIM5 and TRIM22 gene neighbors underwent 
discordant evolution with either one or the other being positively selected for in 
the hominoid and Old World monkey species investigated [116]. In addition, the 
cow genome includes an expanded cluster of TRIM5 genes but no TRIM22 gene, 
while the dog genome encodes TRIM22 but does not encode TRIM5 [116]. 
These findings all suggested that TRIM22, much like TRIM5, has the 
evolutionary trademarks of an intrinsic immune gene.  
Given the prior evidence that TRIM5 in rhesus macaques restricts HSV-1, 
and haplotypic variability in the rhTRIM5 gene associates with lower rhCMV and 
rhLCV viral loads, we wanted to address whether TRIM22 variability affects 
human susceptibility to herpesviruses. The established anti-viral properties of 
TRIM22 in many hosts support our hypothesis that TRIM22 may also affect viral 
infection in humans. Therefore, we investigated the potential restrictive ability of 
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Abstract 
Intrinsic resistance is a crucial line of defense against virus infections and 
members of the Tripartite Motif (TRIM) family of proteins are major players in this 
system, particularly TRIM19/PML in ND10 bodies. Previous reports on the anti-
viral function of another TRIM protein, TRIM22, emphasized its innate immune 
role as a Type I and Type II interferon-stimulated gene against RNA viruses. This 
study shows that TRIM22 has an additional intrinsic role against DNA viruses. 
Here, we report that TRIM22 is a novel restriction factor of HSV-1 and limits 
ICP0-null virus replication by modulating histone occupancy and heterochromatin 
in shutting off immediate-early (IE) viral gene expression. The corresponding 
wild-type equivalent of the virus evades the TRIM22-specific restriction by a 
mechanism independent of ICP0-mediated degradation. We also demonstrate 
that TRIM22 inhibits other DNA viruses, including representative members of the 
β- and γ- herpesviruses. Collectively, these results strengthen the case for 
intrinsic resistance to foreign DNA in the nucleus and argue that TRIM22 is a 
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Introduction 
The intrinsic immune system consists of constitutively expressed, germline 
encoded restriction factors that provide an immediate anti-viral response in host 
cells [39]. This system includes members of the Tripartite Ring Interaction Motif 
(TRIM) proteins, which have important roles in viral inhibition in addition to being 
involved in diverse cellular processes [102,103,117-119]. In the context of the 
nuclear-replicating DNA virus family, the herpesviruses, nuclear domain 10 
(ND10) bodies are well-established sub-organelles that confer resistance to the 
ubiquitous herpesviruses [120]. They consist of cellular proteins including 
TRIM19/promyelocytic leukemia protein (PML), Sp100, hDaxx and α-
thalassemia/mental retardation syndrome X-linked protein (ATRX) [121]. PML, 
Sp100 and hDaxx depletion increases the infectivity of an ICP0-null herpes 
simplex virus-1 (HSV-1) virus, and Sp100 has been implicated in the repression 
of HSV-1 gene expression [122]. ATRX and hDaxx depleted cells also 
demonstrate increased plaque formation and gene expression of an ICP0-null 
HSV-1 virus [42]. HDaxx has been shown to repress human cytomegalovirus 
(HCMV) and a replication-defective version of HCMV [123].  Both hDaxx and 
ATRX have been shown to be important in chromatin modification and viral gene 
repression, particularly in HCMV infection [124].  
To counteract the restriction exerted by the various known intrinsic 
immune factors, the herpesviruses encode a number of proteins that allow for 
virus propagation, even in relatively hostile conditions implemented by the host 
interferon (IFN) responses [12]. This includes the infected cell polypeptide 0 
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(ICP0), which degrades components of the intrinsic immune system, such as γ-
interferon-inducible protein 16 (IFI16) and components of the nuclear ND10 
bodies [12,30,125-127]. ICP0 also sequesters interferon regulatory factor 3 
(IRF3) from the IFNB gene promoter, thus preventing the expression of this Type 
I IFN [12,128,129]. In addition, ICP0 counters host chromatin silencing 
mechanisms, allowing for the de-repression of early (E) genes [130,131]. As a 
result, ICP0-null viruses demonstrate a 10 to 100-fold replication defect relative 
to the wild-type viruses in primary cells [132,133]. Although depletion of known 
restriction factors of HSV-1 such as PML and IFI16 rescue a significant 
proportion of the defect in ICP0-null virus replication, we hypothesized that there 
were other factors that could contribute to this restriction. 
One such candidate was the human TRIM22 protein, which is the paralog 
of the prototypical TRIM protein- rhesus macaque TRIM5α (rhTRIM5α) [134]. 
RhTRIM5α was reported to inhibit lentiviruses, and also HSV-1 [135]. Sequence 
analyses of rhTRIM5 and human TRIM22 genes from 27 primate genomes 
demonstrated that both TRIM22 and TRIM5 underwent positive selection such 
that either TRIM5 or TRIM22 was selectively modified within a given species, 
arguing for selective evolutionary pressure exerted by species-specific 
pathogens [116]. These studies suggested that TRIM22 in humans has a similar 
functional anti-viral response against viruses, similar to rhTRIM5α. In fact, 
TRIM22 is an interferon (IFN)-inducible protein that has antiviral activity against a 
range of viruses, particularly RNA viruses [91,94,108,109] and a DNA virus, the 
hepatitis B virus (HBV) [110]. In addition, TRIM22 expression has also been 
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correlated with the induction of an anti-viral state upon establishment of latency 
in members of the γ-herpesvirus family such as Kaposi’s sarcoma herpes virus 
(KSHV) (23) and the Epstein-Barr virus (EBV) [112,136]. Furthermore, TRIM22 
was previously reported to be upregulated in the first 24h of HCMV infection in 
HFFs [137]. However, the role of TRIM22 as an intrinsic immune factor in HSV-1 
infection has not been investigated.  
Here, we report that TRIM22 limits ICP0-null virus replication by 
modulating histone occupancy and heterochromatin in shutting off immediate-
early (IE) viral gene expression. The ICP0-rescued virus partially evades the 
TRIM22-specific restriction by a mechanism independent of ICP0-mediated 
degradation. In this study, we report that TRIM22 rescues part of the replication 
defect of the ICP0-null virus. In addition, we also find that the restrictive effect of 
TRIM22 is not limited to HSV-1 but is also seen with other viruses that replicate 
in the nucleus, such as HCMV and EBV. These results strengthen the case for 









	   	   	   	   	   	  
 29 
Materials and Methods 
Cell Culture and Viruses. HFFs (Catalog number: CRL-1634), U2OS, HeLa and 
HEK293 were obtained from the American Type Culture Collection. HFFs were 
cultured as described previously [43]. U2OS and HeLa cells were grown in 
DMEM supplemented with 5% (vol/vol) heat-inactivated fetal bovine serum (FBS) 
and 5% (vol/vol) heat-inactivated bovine calf serum (BCS). HEK293 cells stably 
transduced with CD21 and HLA-II [138] were obtained from the Fingeroth 
laboratory and cultured as previously described in selection media. The ICP0-null 
(7134) and rescued 7134R viruses were grown and titrated on U2OS cells in 
parallel [139]. Donald Coen provided HCMV AD169 and it was propagated as 
described previously [140]. 
 
Virus Infections. HSV was diluted in PBS solution containing 0.1% glucose and 
1% heat-inactivated BCS. Cells were infected at the stated MOI for 1h at 37°C, 
washed twice with PBS solution, and overlaid with DMEM containing 1% heat-
inactivated BCS. Infected cells were incubated at 37°C for the indicated length of 
time. HCMV AD169 stocks were diluted in DMEM containing 10% FBS and cells 
were infected at the stated MOI for 1h at 37°C, washed twice with PBS solution, 
and overlaid with DMEM containing 10% FBS. Infected cells were incubated at 
37°C for the indicated length of time. EBV-GFP stocks were prepared from a cell 
line kindly donated by Wolfgang Hammerschmidt as previously described [141], 
and the virus was diluted in DMEM containing 10% FBS and cells were infected 
for 5 days at 37°C.  
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siRNA Transfections. Double-stranded TRIM22-specific, and non-target control 
siRNAs were purchased from Dharmacon. The pooled siRNAs were transfected 
into HFFs using the DharmaFECT 2 transfection reagent (Dharmacon) at a final 
concentration of 50nM according to manufacturer’s instructions. Cells were split 
into two separate wells at 72h post-transfection and transfected again as 
described above. Cells were infected after the second round of 72h post-
transfection. The siRNA was replaced 24hpt with incubation media in both 
rounds of transfection, and cells were assayed for TRIM22 or 18S levels by RT-
qPCR and immunoblot at 72hpt after the second round of transfection. 
 
Plasmids and DNA Transfection. The TRIM22 cDNA was extracted from B 
lymphoblastoid cell lines from the Hap Map project and cloned into the pLPCX 
vector backbone (Clontech). The plasmids encoding the TRIM22 constructs 
lacking the different domains were a kind gift from Dr. Valerie Lin [142]. HeLa 
cells were plated and transfected with the Effectene reagent according to the 
manufacturer’s instructions. Transfected cells were either treated with PBS or 
hIFNα-2a at 24 hours post transfection (hpt) and infected 24h post-treatment. 
 
Cellular RNA Analysis by qPCR. Total RNA was extracted using the Qiagen 
RNeasy Kit and DNase treated using the DNA-free kit (Ambion). Equal amounts 
of RNAs were reverse-transcribed and quantified by real-time qPCR by using the 
Fast Power SYBR Green PCR master mix and Step One PCR sequence 
detection system (Applied Biosystems). qPCR reactions were carried out in 
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triplicate, and relative copy numbers were determined by comparison with 
standard curves. Mock reverse-transcribed samples were included as negative 
controls. Transcript levels were normalized to 18S rRNA levels and made relative 
to mock-infected samples.  
 
Nuclear DNA Analysis. Nuclei from 7134 or 7134R-infected cells were isolated 
using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo-Scientific), 
and DNA was harvested from these nuclei by using a DNeasy blood and tissue 
column kit. Viral DNA levels were determined by RT-qPCR. 
 
Western Blots. Cells were lysed in NuPAGE LDS Sample Buffer, and proteins 
were resolved on NuPAGE 4% to 12% Bis-Tris gels (Invitrogen). Proteins were 
transferred overnight to nitrocellulose membranes and blocked with 5% milk in 
PBS solution containing 0.1% Tween-20 (PBS-T). Membranes were probed with 
primary antibody at 4°C overnight, washed with PBS-T and incubated in 
secondary antibody for 1h at room temperature. Western blots were developed 
using the Super Signal Pico or Forte Chemiluminescence substrate.  
 
Indirect Immunofluorescence. HeLa cells grown on coverslips were transfected 
with the TRIM22 mutants and fixed and permeabilized as previously described. 
Briefly, cells were fixed with 3.7% formaldehyde for 15 minutes on ice and 
permeabilized with 0.2% Triton-X100 for 15 minutes at room temperature [142]. 
Cells were blocked overnight with DMEM-02 and incubated with anti-FLAG M2 
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mouse (Sigma-Aldrich) for 1h at room temperature, washed twice with PBST and 
once with PBS. Fluor 488-conjugated secondary antibodies (Invitrogen) were 
incubated with cells for 1h at 25°C in dark. The coverslips were washed as 
described earlier and DAPI at a dilution of 1:1000 was added during the second 
PBST wash. Coverslips were mounted in ProLong Gold antifade reagent 
(Invitrogen). Images were acquired by using a confocal microscope (Olympus) 
with a 60x objective and in a single Z plane. Images were arranged in figures by 
using Adobe Photoshop CS4 (Adobe Systems).  
 
Flow Cytometry. HEK293 cells infected with EBV-GFP were trypsinized, 
collected by centrifugation and resuspended in solution containing Aqua-Amine. 
Cells were washed twice in PBS and resuspended in fixing solution for 15 
minutes at 4°C. Cells were counted using a flow cytometer and live cells were 
gated for using an Aqua-Amine negative gate after exclusion of doublets on 
forward and side scatter axes. GFP+ gate was defined on mock-infected cells. 
Data analysis was performed using FlowJo (version 8) software and graphs were 
constructed by using Graph Pad Prism software.  
 
Chromatin Immunoprecipitation. HFFs were transfected with siRNAs as 
described earlier and after the first round of transfection, 5.5x105 cells were 
plated in 60mm dishes and transfected for the second round of transfection. Cells 
were infected at 72hpt, and the ChIP protocol was conducted as previously 
described [143]. Prior to immunoprecipitation, 10ul of the sample is reverse 
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cross-linked as previously described and DNA is extracted and gel 
electrophoresis is conducted on a 1% gel to ensure DNA fragments are ~500bp 
in length. Immunocomplexes were immunoprecipitated overnight at 4°C with 
2.5µg of anti-histone H3 IgG (Abcam) and anti-histone H3K9me3 (Active Motif).  
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Results 
Depletion of TRIM22 rescues ICP0-null HSV replication in normal human 
foreskin fibroblasts 
To determine the role of TRIM22 as an interferon-stimulated gene (ISG) in 
HSV-1 replication, we measured virus yields of the HSV-1 7134 ICP0-null virus 
or the corresponding 7134R rescued virus in TRIM22-depleted fibroblasts under 
conditions of Type I IFN pre-treatment. We transfected primary human foreskin 
fibroblasts (HFFs) with pooled siRNAs specific for TRIM22 or non-targeting 
siRNAs twice to deplete TRIM22 transcripts. To upregulate TRIM22, we treated 
the transfected cells with either IFNα (1000U/ml) or a PBS control 24h prior to 
infection with the 7134 or 7134R viruses (MOI=5) and measured virus yields at 
24hpi. Upon comparison of TRIM22 transcripts in control-depleted and TRIM22-
depleted fibroblasts, the knockdown efficiency was approximately 84% in the 
PBS pre-treated cells and 87% in the IFNα pre-treated cells (Figure 2.1A). The 
levels of TRIM22 protein were not detectable by western blotting in TRIM22-
depleted HFFs, even in the IFNα pre-treated HFFs (Figure 2.1B). We observed 
an increase in 7134 virus yields in TRIM22-depleted HFFs relative to control-
depleted HFFs under conditions of PBS pre-treatment (Figure 2.1C). IFNα pre-
treatment reduced 7134 virus yields by approximately 10-fold relative to PBS pre-
treatment in HFFs, and TRIM22 depletion did not rescue IFNα-mediated 
inhibition of 7134 (Figure 2.1C). The magnitude of the TRIM22-mediated 
inhibition on the 7134 virus was possibly due to a synergistic effect of all the 
individual TRIM22-specific siRNAs used (Figure 2.2A). Interestingly, at a low MOI 
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(0.1 pfu/cell), TRIM22 depletion rescued a substantial portion of the IFNα- and 
IFNγ-mediated inhibition of the 7134 virus replication (Figure 2.3). These results 
argued that TRIM22 inhibits the replication of the ICP0-null virus and mediates 
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Figure 2.1: TRIM22 depletion increases HSV-1 viral yields. HFFs were 
transfected with siRNA pools specific for TRIM22 or non-targeting siRNAs. 
Transfected HFFs were treated with PBS or hIFNα-2a at 1000U/ml for 24h and 
then were infected with HSV-1 ICP0-null (7134) or a rescued virus (7134R) at an 
MOI of 5. TRIM22 transcript levels were measured by RT-qPCR with primers 
specific for TRIM22 and 18S (n=3) (A) and protein levels were determined by 
immunoblotting for TRIM22 and GAPDH (B) at time of infection. Virus yields were 
measured 24hpi by plaque assays on U2OS cells (n=3) (C). Error bars represent 
standard errors of the means (*P<0.05, Student’s t-test). 
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Figure 2.1 (Continued) 
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Figure 2.2: TRIM22 depletion by individual siRNAs increases viral yields.  
HFFs were transfected with individual siRNAs specific for TRIM22 (si T22#6, si 
T22#7, si T22#8 or si T22#9) or non-targeting siRNAs (si NT#2) and infected with 
HSV-1 ICP0-null (7134) or a rescued virus (7134R) at an MOI of 5. Virus yields 
were measured 24hpi by plaque assays on U2OS cells (n=3) (A). Virus yields 
were plotted against knockdown efficiencies for individual siRNAs (B). TRIM22 
knockdown efficiency was measured by RT-qPCR (n=1) (C) and protein levels 
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Figure 2.3: TRIM22 depletion increases virus yields in IFN pre-treated cells.  
HFFs were transfected with siRNA pools specific for TRIM22 or non-targeting 
siRNAs and were treated with PBS or hIFNα-2a (n=3) or hIFNγ (n=2) at 
1000U/ml for 24h. Cells were then infected with HSV-1 ICP0-null (7134) or a 
rescued virus (7134R) at an MOI of 0.1 and virus yields were measured 48hpi by 
plaque assays on U2OS cells (A). TRIM22 knockdown efficiency was measured 
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Depletion of TRIM22 enhances HSV-1 IE viral gene expression 
After HSV-1 enters the nucleus, the replication cycle initiates with transcription of 
immediate-early (IE) genes followed by early (E) gene transcription [144] . To 
characterize the TRIM22-mediated block in HSV-1 replication, we measured the 
transcript levels of IE (ICP27) and E (ICP8) viral genes in TRIM22-depleted 
fibroblasts relative to control-depleted fibroblasts upon 7134 and 7134R virus 
infection. TRIM22 depletion consistently reduced TRIM22 transcripts relative to 
non-targeting siRNA transfected HFFs at 8hpi (Figure 2.4A). TRIM22 depletion 
increased the expression of ICP27 and ICP8 transcript levels by approximately 3-
fold upon infection with the 7134 virus in PBS pre-treated fibroblasts at 8hpi 
(Figure 2.4B, C). There was also a marked increase in expression of the IE ICP4 
protein, and in the E ICP8 protein levels (Figure 2.4D). We also observed a 
marked increase in TRIM22 protein levels in 7134 infection, consistent with 
TRIM22’s role as an ISG (Figure 2.4D). It must be noted that the TRIM22 levels 
that appear lower in 7134R infection are comparable to levels observed in mock 
infection (Figure 2.5). These results suggest that the TRIM22-mediated inhibition 
of the HSV-1 ICP0-null virus is either at or prior to the level of IE gene 
transcription. The increase in viral IE gene expression was not due to altered 
nuclear entry of the virus, as TRIM22 depletion did not alter the number of 7134 
virus genomes associated with the nuclear fractions at 2hpi (Figure 2.4E).  
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Figure 2.4: TRIM22 depletion increases viral IE, E and L gene expression. 
Control siRNA or TRIM22 siRNA transfected HFFs treated with PBS or hIFNα-2a 
at 1000U/ml for 24h were infected with HSV-1 ICP0-null (7134) or a rescued 
virus (7134R) at an MOI of 5. Total cell-associated RNA was harvested at 8hpi 
and prepared for RT-qPCR. TRIM22 transcripts (A), ICP27 transcripts (B) and 
ICP8 transcripts (C) were measured and normalized to 18S rRNA (n=3). Whole 
cell lysates were collected at 24hpi and immunoblotted for ICP4, ICP8, TRIM22 
and GAPDH protein levels (D). DNA was extracted from the nuclear fractions of 
infected cells at 2hpi and prepared for qPCR (n=3) (E) (left panel). The western 
blot shows the efficiency of fractionation qualitatively (E) (right panel). Relative 
viral DNA levels were determined by normalizing ICP8 vDNA levels to cellular 
GAPDH levels. Error bars represent standard errors of the means (*P<0.05, 
Student’s t-test). 
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Figure 2.4 (Continued) 
 
 







Figure 2.5: TRIM22 is not degraded by ICP0. Control siRNA (NT si) or TRIM22 
siRNA (T22 si) transfected HFFs were either mock-infected or infected with HSV-
1 ICP0-null (7134) or a rescued virus (7134R) at an MOI of 5. Whole cell lysates 
were collected at 8hpi and immunoblotted for ICP0, IFI16, TRIM22 and GAPDH 
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Depletion of TRIM22 increases HSV-1 viral DNA replication and L gene 
expression 
To determine whether the defect in IE and E gene expression was evident 
at the downstream stage of viral DNA (vDNA) synthesis, we measured vDNA 
levels in TRIM22-depleted and control-depleted HFFs. TRIM22 depletion 
increased vDNA synthesis of the 7134 virus in both PBS pre-treated and IFNα 
pre-treated HFFs, consistent with the increase in IE and E viral gene expression 
(Figure 2.6A). In addition, the TRIM22-mediated effect on vDNA synthesis was 
consistent with the increase in the expression levels of transcripts encoding 
components of the viral replication machinery: UL5 (~3 fold), UL8 (~4 fold), UL9 
(~4 fold), UL30 (~3 fold), UL42 (~6 fold) and UL52 (~4 fold) (Figure 2.7). The 
defects in viral gene expression and vDNA replication were corroborated by L 
viral gene expression as TRIM22 depletion increases gC transcript levels and 
protein levels relative to control-depleted HFFs (Figure 2.8A and B). These 
results argued that the TRIM22-mediated defect in IE gene expression results in 
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Figure 2.6: TRIM22 depletion increases viral DNA replication. HFFs 
transfected with siRNA pools specific for TRIM22 (red lines) or non-targeting 
siRNAs (black lines) and treated with PBS (solid lines) or hIFNα-2a (dashed 
lines) at 1000U/ml for 24h were infected with HSV-1 ICP0-null (7134) (top 
panels) or a rescued virus (7134R) (bottom panels) at an MOI of 5. Total cell-
associated DNA was harvested at 2hpi (n=4), 8hpi (n=3) and 24hpi (n=2) and 
prepared for qPCR (A). Relative viral DNA levels were determined by normalizing 
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Figure 2.7: TRIM22 depletion increases expression of components of viral 
replication machinery. TRIM22-depleted or control-depleted HFFs were treated 
with PBS or hIFNα-2a at 1000U/ml for 24h and infected with HSV-1 ICP0-null 
(7134) or a rescued virus (7134R) at an MOI of 5. Total cell-associated RNA was 
harvested 8hpi and transcript levels of UL5 (A), UL8 (B), UL9 (C), UL30 (D), 
UL42 (E) and UL52 (F) were measured by RT-qPCR. The transcript levels were 
normalized to 18S rRNA (n=3). Fold differences due to TRIM22 depletion are 
shown above corresponding bars. 
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Figure 2.7 (Continued) 
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Figure 2.8: TRIM22 depletion increases L gene expression. HFFs were 
transfected with siRNA pools specific for TRIM22 or non-targeting siRNAs and 
were treated with PBS or hIFNα-2a at 1000U/ml for 24h and infected with HSV-1 
ICP0-null (7134) or a rescued virus (7134R) at an MOI of 5. Total cell-associated 
RNA was harvested at 4hpi (left panel) and 8hpi (right panel) and prepared for 
RT-qPCR. gC transcripts were measured and normalized to 18S rRNA levels 
(n=2) (A). Whole cell lysates were collected at 4hpi and 8hpi and the 
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Over-expression of TRIM22 reduces ICP0-null and ICP0-rescued virus 
replication 
To test whether TRIM22 was sufficient for the inhibition of the 7134 virus, 
we measured virus yields in HeLa cells transfected with either a TRIM22-
encoding plasmid or a control plasmid (pLPCX). We chose HeLa cells because 
they express TRIM22 at low levels relative to the other cell types that we 
screened and HeLa cells were also used as cell lines of choice in prior 
publications of TRIM22 (Figure 2.9, [142]). We observed high levels of TRIM22 
transcripts and protein upon transfection relative to the empty vector (Figure 
2.10A, B). TRIM22 over-expression in HeLa cells reduced both 7134 and 7134R 
virus yields by approximately 10-fold at an MOI of 0.1 pfu/cell relative to pLPCX 
transfection (Figure 2.10C). The magnitude of this difference was negligible at a 
high MOI of 5 in HeLa cells, despite high levels of expression of the TRIM22 
transcripts and protein upon transfection (Results not shown). This MOI-
dependent effect was consistent with previous studies using exogenous 
expression systems of the rhesus paralog, rhTRIM5α, where the TRIM5-
mediated inhibition of HSV-1 is overcome at higher MOIs [135]. In addition, the 
exogenous expression of TRIM22 protein reduced IE (ICP4) protein levels 
(Figure 2.10C), complementing the results observed in RNA interference studies. 
Therefore, these results argued that TRIM22 is sufficient in the context of HSV-1 
inhibition and that this block in replication is at the stage of IE viral gene 
expression. 
 










Figure 2.9: TRIM22 expression in different cell types. RNA was prepared for 
RT-qPCR from transformed cells (293, 293T, HeLa, U2OS) or primary cells 
(HFFs, normal oral keratinocytes) or HeLa cells transfected with the empty 
vector, pLPCX (P) or the vector encoding full-length TRIM22 (T). The levels of 
TRIM22 transcripts were measured and normalized to 18S rRNA (n=3). 
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Figure 2.10: Overexpression of TRIM22 reduces HSV-1 replication. HeLa 
cells transfected with an empty vector control (pLPCX) or a vector with a TRIM22 
insert (TRIM22) were treated with PBS or hIFNα-2a at 1000U/ml for 24h. 
Transfected cells were infected with ICP0-null (7134) or rescued virus (7134R) at 
an MOI of 0.1. Total cell-associated RNA was harvested at time of infection and 
prepared for RT-qPCR. TRIM22 transcripts were normalized to 18S rRNA (A). 
Virus yields were determined 48hpi with plaque assays on U2OS cells (B) (n=4). 
Representative western blot showing total cell lysates probed for ICP4, TRIM22 
















	   	   	   	   	   	  
 56 
Inhibition of HSV-1 by TRIM22 is dependent on its nuclear localization  
The domains of TRIM22 have different functions in the cell. The N-
terminal RING domain has E3 ubiquitin ligase activity [89] and was reported to 
mediate anti-viral activity against hepatitis B virus (HBV) [145], 
encephalomyocarditis virus (ECMV) [109] and influenza A virus (IAV) [91]. The 
C-terminal B30.2/SPRY domain and the bipartite nuclear localization signal 
(NLS) are necessary for the nuclear localization of TRIM22 [142]. Therefore, we 
investigated whether these domains were necessary for TRIM22-mediated 
inhibition of HSV-1. To define the expression levels and localization properties of 
these TRIM22 mutants, we transfected HeLa cells with the following plasmids: 
empty vector or FLAG-tagged constructs encoding full-length TRIM22 (TRIM22), 
a nuclear localization signal deleted TRIM22 (TRIM22-ΔNLS), a SPRY-domain 
deleted TRIM22 (TRIM22-ΔSPRY), a RING-domain deleted TRIM22 (TRIM22-
ΔRING) and an E3 ubiquitin-ligase inactive form of TRIM22 (TRIM22-
C15A/C18A) [142]. The transfected constructs localized to sites in the cell as 
described previously (Figure 2.11A, [142]). The full-length TRIM22 formed 
nuclear punctae, as did the TRIM22-ΔRING protein and the TRIM22-C15A/C18A 
proteins to a smaller extent (Figure 2.11A). The TRIM22-ΔNLS localized to both 
the nucleus and cytoplasm, whereas the TRIM22-ΔSPRY localized to the 
cytoplasm (Figure 2.11A). The encoded proteins were expressed at the expected 
sizes and at comparable levels, except for TRIM22-C15A/C18A, which showed 
drastically lower protein levels consistent with the lower expression seen in 
immunofluorescence (Figure 2.11B).  
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Figure 2.11: TRIM22 nuclear localization mediates HSV-1 inhibition. 
Subcellular localization in HeLa cells transfected with an empty vector control 
(Empty vector) or vectors encoding full-length TRIM22 (TRIM22), the nuclear 
localization signal deleted mutant of TRIM22 (TRIM22-ΔNLS), the SPRY-domain 
deleted TRIM22 (TRIM22-ΔB30.2/SPRY), the RING-domain deleted TRIM22 
(TRIM22-ΔRING), the E3 ubiquitin-ligase inactive form of TRIM22 (TRIM22-
C15A, C18A) was determined by staining for anti-FLAG and nuclei were counter-
stained with DAPI (A). Transfected cells were lysed and probed for the FLAG-tag 
and GAPDH as a loading control (B). Transfected cells were infected at 0.1 MOI 
with 7134 or 7134R viruses and virus yields were measured 48hpi by plaque 
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We infected the transfected cells with the 7134 and 7134R viruses at 0.1 
MOI and measured virus yields 48hpi. Transfection with TRIM22 or any of the 
other TRIM22 mutants reduced viral yields of the ICP0-null virus by 
approximately 2-fold relative to the empty vector transfection (Figure 2.11C). 
Transfection with TRIM22 significantly reduced 7134R viral yields (Figure 2.11C). 
Interestingly, transfection with TRIM22-ΔNLS showed comparable viral yields to 
transfection with TRIM22 (Figure 2.11C). This is consistent with the partial 
localization of TRIM22-ΔNLS (Figure 2.11B). However, transfection with the 
SPRY domain deleted mutant (TRIM22-ΔSPRY) reduced the TRIM22-mediated 
inhibition to levels similar to those observed upon transfection with the empty 
vector (Figure 2.11C). This is consistent with the cytoplasmic localization of the 
TRIM22-ΔSPRY mutant (Figure 2.11B). Interestingly, transfection with the RING 
domain deletion mutant and the inactive RING mutant (TRIM22-ΔRING and 
TRIM22-C15A/C18A) showed an intermediate phenotype in reducing the 
TRIM22-mediated inhibition of the 7134R virus (Figure 2.11C), despite the 
nuclear localization of these proteins (Figure 2.11B).  
These results argued that the nuclear localization conferred by the SPRY 
domain of TRIM22 is important for the restriction of HSV-1, as is the E3 ubiquitin 
ligase activity conferred by the RING domain to a smaller extent. The NLS 
mutant does not seem to be as functionally effective in excluding TRIM22 from 
the nucleus, and therefore is still capable of HSV-1 restriction. 
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TRIM22 depletion reduces total histone occupancy and facultative 
heterochromatin on IE viral gene promoters 
The host cell silences viral DNA upon nuclear entry by incorporating free 
DNA into chromatin [146-148]. In addition, histones are post-translationally 
modified, thereby leading to heterochromatin formation (H3K9me3 and 
H3K27me3) or euchromatin formation (H3K9Ac and H3K4me3). To determine 
whether TRIM22 depletion increases viral gene expression due to reduced 
histone occupancy or by modifying histones on viral gene promoters, we 
conducted chromatin immunoprecipitation assays on total histone H3, the 
heterochromatin mark, H3K9me3, the facultative heterochromatin mark, 
H3K27me3, and the euchromatin marks H3K4me3 and H3K9Ac on the viral IE 
ICP4 and ICP27 gene promoters in TRIM22-depleted fibroblasts relative to 
control-depleted fibroblasts. TRIM22 depletion significantly reduced the total 
histone H3 occupancy on the viral IE gene promoters (Figure 2.12A). In addition, 
TRIM22 depletion reduced the density of H3K9me3 and H3K27me3 
immunoprecipitated on the ICP27 and ICP4 promoters in the 7134 virus infection, 
indicating that the viral DNA is not silenced to the same extent in TRIM22-
depleted fibroblasts (Figure 2.12B and C). The reduced facultative 
heterochromatin on vDNA in TRIM22-depleted fibroblasts was consistent with the 
increase in viral IE gene expression observed in Figure 2.4. 
Although TRIM22 depletion did not significantly change the levels of 
euchromatin marks on ICP27 and ICP4 promoters, a greater proportion of ICP27 
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transcripts were detected with H3K9Ac immunoprecipitation (Figure 2.12D and 
E). These results argued that the absence of TRIM22 prevents compaction of 
viral DNA, reduces heterochromatin and facultative heterochromatin, providing a 
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Figure 2.12: TRIM22 depletion reduces total H3 and facultative 
heterochromatin association with viral DNA. Control- or TRIM22-siRNA 
transfected HFFs were infected with HSV-1 ICP0-null (7134) or HSV-1 ICP0-
rescued (7134R) viruses at a MOI of 5. ChIP was conducted on cell extracts 
prepared at 6hpi with antibodies specific for histone H3 (n=6) (A), the 
heterochromatin mark H3K9me3 (n=3) (B), the facultative heterochromatin mark 
H327me3 (n=3) (C), the euchromatin marks H3K9Ac (n=3) (D) and H3K4me3 
(n=3) (E). Immunoprecipitated ICP27 (left panels) and ICP4 right panels) 
promoter sequences were measured by qPCR and viral DNA sequences were 
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TRIM22 restricts a β- and a γ-herpesvirus 
Previous reports demonstrated that TRIM22 inhibits a diverse range of 
viruses, including RNA viruses such as HIV-1, EMCV, IAV, and a DNA virus, 
HBV [91,94,108,109]. To test whether TRIM22 was capable of inhibiting other 
herpesviruses besides the canonical α-herpesvirus, HSV-1, we investigated 
whether TRIM22 could inhibit a γ-herpesvirus, Epstein-Barr virus (EBV). In fact, 
the latent membrane protein 1 (LMP1) of EBV establishes an anti-viral cellular 
state by up-regulating TRIM22 among other ISGs to prevent super-infection 
[112]. Therefore, we measured the efficiency of EBV-GFP infection in HEK293 
cells expressing the EBV receptors, CD21 and HLA-II, after stable transfection 
with the empty vector (pLPCX) or full-length TRIM22 (TRIM22). Transformation 
of cells with TRIM22 did not significantly alter the expression of CD21 (Figure 
2.13A) or HLA-II (Figure 2.13B) or the percentage of CD21+ HLA-II+ transduced 
HEK293 cells (Figure 2.13C). TRIM22 expression was confirmed by 
immunoblotting in multiple single-cell clones and compared to endogenous levels 
in cells expressing the empty control pLPCX vector (Figure 2.13D). We observed 
significantly fewer EBV-GFP-positive cells in TRIM22-transfected cells relative to 
pLPCX-transfected cells (Figure 2.13E). These results argued that TRIM22 
inhibits the efficiency of EBV-GFP infection. We also measured HCMV viral 
yields at 72hpi in control-depleted versus TRIM22-depleted HFFs. TRIM22 
depletion significantly increased HCMV viral yields by approximately 2.5-fold 
relative to control-depletion (P = 0.0364) (Figure 2.13F). These results argued 
that TRIM22 inhibits HCMV replication also. Interestingly, TRIM22 transfection 
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did not inhibit the replication of an RNA virus that replicates in the cytoplasm, 
VSV-GFP (Figure 2.13G). In conclusion, the TRIM22-mediated viral inhibition is 
not limited to the α-herpesviruses and TRIM22 potentially inhibits other DNA 
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Figure 2.13: TRIM22 inhibits a β- and a γ- herpesvirus. HEK293 cells stably 
transfected with CD21 and HLA-II, and either the empty vector or the full-length 
TRIM22 vector were infected with EBV-GFP at 17 Green Raji Units (GRU). CD21 
MFI (A) and HLA-II MFI (B) and percentage of live cells as determined by 
counter-staining with aqua-amine that are CD21 and HLA-II double-positive (C) 
were quantified by flow cytometry. Whole cell lysates from stably transfected 
empty vector or TRIM22 transfected single-cell clones were probed for TRIM22 
and β actin by immunoblotting (D). Percentage of live EBV-GFP cells in empty 
vector and TRIM22 cells were quantified 5 dpi. Matched clones are connected 
with lines (E) (n=4). Control- or TRIM22- siRNA transfected HFFs were infected 
with HCMV Ad 169 at a MOI of 1 and virus yields were measured by plaque 
assays on HFFs at 72hpi (F) (n=3). HEK293 cells stably transduced with either 
the empty vector or the full-length TRIM22 vector were infected with VSV-GFP at 
a range of dilutions from 0 to 2.5x106 pfu/ml, and assessed by flow cytometry for 
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Discussion 
TRIM22 as a restriction factor of HSV-1 by epigenetic regulation of viral 
genes 
HSV-1 restriction in the nucleus has been previously ascribed to 
components of ND10 bodies in the nucleus consisting of TRIM19/PML, hDaxx, 
Sp100 [42,149,150], and to nuclear IFI16 [143,151]. We add TRIM22 to this list 
by demonstrating that TRIM22 is necessary and sufficient for restriction of HSV-1 
inhibition. TRIM22 depletion in fibroblasts rescued the replication of an ICP0-l 
virus and to a smaller extent, an ICP0+ virus. The inhibition of both the ICP0- and 
ICP0+ viruses in TRIM22 over-expression studies in HeLa cells further 
corroborates this finding. Interestingly, the magnitude of TRIM22-mediated 
inhibition of HSV-1 in HeLa cells is smaller at high MOIs, reflecting a MOI-
dependent effect where the virus is capable of overcoming the intrinsic restriction 
at high MOIs in HeLa cells. This MOI-dependent effect on viral restriction is a 
common feature of intrinsic immunity and was previously reported in the rhesus 
macaque TRIM5α mediated restriction of HIV-1 [73,152].  
TRIM22 was previously shown to inhibit viruses by various mechanisms, 
including degradation of viral proteins, as seen in EMCV [109] and IAV [91], 
transcriptional repression [107,108] and inhibition of viral assembly [94], as seen 
in HIV-1, and prevention of viral core promoter activity, as seen in HBV [110]. We 
discovered that the TRIM22-mediated inhibition of HSV-1 replication was due to 
a defect in viral IE gene expression after nuclear entry of viral genomes, with 
downstream effects on E gene expression, viral DNA synthesis and L gene 
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expression. The mechanism of inhibition is novel in that TRIM22 depletion 
reduces histone occupancy and heterochromatin marks on viral DNA; chromatin 
modification as a means of viral inhibition has been directly attributed to IFI16 
[143], and ATRX in concert with hDaxx to a smaller extent, as a chromatin 
remodeling complex [42]. The significance of this finding is implicated in a review 
by Hattlman, CJ [153] who hypothesized that TRIM22 could contribute to viral 
latency based on the observations that (i) the EBV Latent Membrane Protein 1 
(LMP1) required for EBV latency upregulates TRIM22 [112] and (ii) KSHV LANA 
protein upregulates TRIM22 in vitro and in KSHV lesions [111]. In both cases, 
TRIM22 was upregulated by viral proteins associated with latency and this was 
proposed to prevent super-infection by other viruses [111,112]. However, a 
mechanism for this connection to latency has not been determined. Thus, it was 
of interest to us that TRIM22 epigenetically regulates viral gene expression by 
the observed decrease in histone occupancy in the absence of TRIM22 and the 
reduction in heterochromatin and facultative heterochromatin marks on viral gene 
promoters in lytic infection. Further studies need to be done on whether TRIM22 
can contribute to viral latency by modifying chromatin. 
 
TRIM22 restricts viruses that replicate in the nucleus 
The importance of nuclear-specific inhibition of HSV-1 was evident from 
PML, Daxx, Sp100 and ATRX in ND10 bodies [42,150], and IFI16 [143], which 
are crucial for nuclear-specific inhibition of HSV-1. In addition, the endogenous 
nuclear localization of TRIM22 in primary fibroblasts, where the inhibitory effect 
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of TRIM22 was observed, lends further evidence to the case for recognition and 
restriction of foreign DNA in the nucleus. This report expands the anti-viral 
specificity of TRIM22 to include viruses with dsDNA genomes that replicate in the 
nucleus, the herpesviruses. 
As mentioned previously, the TRIM22-mediated anti-viral mechanisms of 
inhibition of other viruses can be predominantly attributed to its E3 ubiquitin 
ligase activity located in the N-terminal RING domain of the protein [91,109,110]. 
In the case of HSV-1, the formation of nuclear punctae seems equally as 
important as the E3 ubiquitin ligase activity of TRIM22 for the anti-viral effect, as 
the absence of the RING domain or the inactive RING-domain mutant, TRIM22-
C15A, C18A only partially alleviated the TRIM22-mediated restriction of HSV-1. 
In contrast, the deletion of the SPRY domain significantly reduced TRIM22-
mediated restriction and therefore this domain is also required for mediating the 
antiviral activity. 
In fact, the SPRY domain of TRIM22 has been implicated in the protein’s 
subcellular localization as evidenced by the following key observations in the 
literature: (i) The absence of B30.2/SPRY domains in a transfection system 
prevents the formation of nuclear punctae [142], (ii) B30.2/SPRY domain swaps 
between human and rhesus TRIM22 proteins alters the subcellular localization of 
these proteins [154]. In addition, the importance of the SPRY domain was also 
evident in TRIM22’s anti-viral activity, in that, the absence of the SPRY domain 
was shown to abrogate the inhibition of HBV [110]. Interestingly, the construct 
lacking the SPRY domain localized primarily to the cytoplasm, in a location 
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different from the nuclear-replicating HBV [110]. The phenotype of the ΔSPRY 
domain mutant in HSV-1 infection is similar. These results are suggestive of the 
importance of nuclear localization or other intranuclear activity of TRIM22 in the 
inhibition of viruses that replicate in the nucleus, such as other herpesviruses.  
Therefore, TRIM22 inhibits viruses that replicate in the nucleus: IAV [91], 
HBV [110], and in this study herpesviruses including members of the α, β and γ 
Herpesviridae, while it is unable to restrict viruses that replicate in the cytoplasm 
such as VSV, a RNA virus. On the other hand, TRIM22 also inhibits EMCV, a 
positive strand RNA virus that replicates in the cytoplasm [109]. However, these 
studies were conducted in transient transfection settings where the protein can 
potentially show cytoplasmic localization and suggest that TRIM22 may also 
have a role in the cytoplasm. This is consistent with the activity of other 
restriction factors that localize to and inhibit pathogens in particular 
compartments.  
 
HSV-1 mediated escape of TRIM22-mediated inhibition 
We attribute the ability of the wild-type virus to overcome TRIM22-
mediated inhibition to the viral IE protein, ICP0. ICP0 is crucial to alleviating a 
majority of the intrinsic- and the Type I IFN mediated- immune responses: i.e., (i) 
it disrupts PML bodies at sites of viral replication [155], preventing their intrinsic 
inhibition; (ii) it sequesters phosphorylated IRF3 from the nucleus [128,156], thus 
preventing its activity as a transcription factor and (iii) it degrades the nuclear 
viral DNA sensor and intrinsic resistance factor, IFI16, thus preventing detection 
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and silencing of viral DNA [30]. Therefore, the finding that ICP0 rescued most of 
the intrinsic block by TRIM22 is consistent with previous studies. However, this 
reduction in inhibition is not due to the ICP0-mediated degradation of TRIM22, as 
viruses with ICP0 such as the 7134R and the d106 viruses did not degrade 
TRIM22 (Figure 2.5, Results not shown). Surprisingly, TRIM22 is not degraded 
by ICP0, and it remains to be determined how the virus evades the intrinsic 
restriction activity of TRIM22 and whether there are other viral factors that 
antagonize TRIM22.  
In conclusion, the key features of restriction factors are that they (i) are 
germline-encoded, expressed constitutively, and often interferon (IFN)-inducible; 
(ii) demonstrate atypical mechanisms of viral inhibition and; (iii) show hallmarks 
of positive genetic selection (high dN/dS ratios) reflecting host-pathogen co-
evolution [39]. Consistent with previous reports, we show that TRIM22 is IFN-
inducible, restricts HSV-1 in an epigenetic fashion, and was demonstrated to 
have a high dN/dS ratio by other laboratories [116]. Thus, we report that TRIM22 
is a novel restriction factor of HSV-1. We also report that this restriction is 
mediated by epigenetic silencing of viral gene expression, and the detailed 
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Abstract 
 Variation in genes encoding restriction factors, such as non-synonymous 
single nucleotide polymorphisms, can alter the anti-viral functionality of those 
proteins. The genetic variation in the TRIM5 and TRIM22 gene neighbors was 
previously attributed to the lentiviruses, such that these two genes were mutually 
selected for in different primate lineages throughout evolution. Our collaborators 
characterized novel variation at the TRIM22 locus, or seven TRIM22 haplotypes. 
They identified four single nucleotide polymorphisms encoding non-synonymous 
amino acid substitutions in the linker L2 and coiled-coil domains of TRIM22. We 
demonstrate that the asparagine to aspartic acid amino acid substitution at 
position 155 in the coiled-coil domain of TRIM22 reduce correlates of EBV 
infection in vitro, in silico and in vivo. We also show that the threonine to arginine 
substitution at position 242 in the linker L2 domain reduce HSV-1 viral yields in 
vitro. Therefore, we hypothesize that the haplotypic diversification observed in 
TRIM22 is an example of the host-virus arms race in primate evolution, and 
propose that the TRIM5 and TRIM22 gene neighbors evolved due to selective 
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Introduction 
Non-synonymous single nucleotide polymorphisms (nsSNPs) in genes 
alter not only the amino acid composition of the proteins they encode, but can 
also change their structure and function. In fact, approximately 50% of inherited 
genetic diseases have mutations associated with nsSNPs [157-159]. Mutations in 
innate immune genes have also been associated with a variety of inflammatory 
disorders, including asthma [160], tuberculosis [161], and many others (reviewed 
in [162]). 
Genetic variation in host innate immune proteins can also alter the host’s 
susceptibility to pathogens such as viruses. For instance, many of the genetic 
variations in the TRIM family of proteins have been shown to affect their antiviral 
specificity. In particular, amino acid substitutions in the coiled-coil, B-box, linker 
L2 and the C-terminal B30.2/SPRY domains in both the TRIM5 and TRIM22 
proteins have been shown to affect the structure, function, and antiviral specificity 
of these proteins [55,78-82,91,92,108-110,142,163,164]. This genetic variation 
observed in the TRIM5 and TRIM22 gene loci has been attributed to evolutionary 
pressures exerted by retroviruses [114,116].  
 Amino acid substitutions in the coiled-coil and linker L2 domains in 
TRIM5α from rhesus macaque monkeys (rhTRIM5α) have been shown to alter its 
antiviral activity [165]. This is possibly because the coiled-coil domain of 
rhTRIM5α is important for higher-order multimerization and mediates its 
specificity to binding lentiviral capsids [73,165,166].  Additionally, variation in the 
B30.2/SPRY domain of TRIM5α has been shown to change its activity against 
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HIV-1 and herpesviruses [55,75,77,82,86,114,167-175]. Prior work conducted in 
the Letvin laboratory demonstrated that B-lymphoblastoid cell lines (B-LCLs) of 
rhesus macaque monkey origin expressing TRIM5 haplotypes encoding the wild-
type B30.2/SPRY domain, were significantly more permissive to β-herpesvirus, 
rhesus cytomegalovirus (rhCMV), and γ-herpesvirus, rhesus lymphocryptovirus 
(rhLCV), infections than B-LCLs encoding TRIM5 genes with a 2-amino acid 
deletion in the B30.2/SPRY domain [86]. These in vitro differences correlated 
with an in vivo study measuring antibody titers against rhCMV and rhLCV [86]. 
However, no significant differences in the antiviral activity of the TRIM5 
haplotypes were observed with two other DNA viruses, adenovirus 5 (Ad5) and 
simian vacuolating virus 40 (SV40), suggesting that this TRIM5 haplotypic 
variation in anti-viral activity is specific to the rhesus macaque herpesviruses 
[86]. Other important genetic variations in TRIM5 include polymorphisms that 
result in H43Y, R136Q, and G249D amino acid substitutions that confer 
variability to HIV-1 acquisition and disease progression in human patients 
[84,176-178].   
The closest human paralog of TRIM5 is TRIM22 [116]. The TRIM22 gene 
locus has undergone episodic positive evolutionary selection, as evidenced by a 
positive dN/dS ratio in Old World Monkeys, and hominoids including humans 
[116]. This positive selection resulted in TRIM22 variation at the level of SNPs, 
which have been shown to be associated with functional anti-viral significance 
[179]. The characterized variation in TRIM22 that alters its antiviral function 
include the following SNPs: rs10838543 T/C (position 364), rs7935554 A/G 
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(position 463) and rs1063303 C/G (position 242) [180]. For example, HIV-1 
replication was higher in PBMCs from human donors homozygous at SNPs 
rs7935564 G/G and rs1063303 G/G [164]. In contrast, the TRIM22 SNP 
rs1063303 C/C decreased TRIM22’s antiviral function against HIV-1 [181]. 
Furthermore, the TRIM22 rs10838543 C/C genotype in the Han-Chinese 
population is associated with chronic HBV infection [182].  
Further predicted SNPs within the TRIM22 gene were identified by in silico 
analyses across multiple databases [163]. A summary of the nsSNPs encoding 
the amino acid substitutions that are predicted to be functionally important follow: 
L68R and H73R in the linker L1 region, E135K in the coiled-coil region, I234N 
and S244L in the linker L2 region, G346S, K364N, P403T, K364N, P403T, 
L432W, R442C, F456I, T460I, P484S and C494F in the B30.2/SPRY domain 
[163]. Although this study demonstrated that the amino acid substitutions disrupt 
the structure of the TRIM22 B30.2/SPRY domain, no functional characterization 
was conducted on these amino acid substitutions.  
These studies provide a strong evidence for the functional role and the 
importance of genetic variations in the genes encoding host viral restriction 
factors like the TRIM proteins. Here, we report here that the haplotypic variation 
in the TRIM22 gene locus as identified by our collaborators [183], altered the 
anti-herpesviral activity of TRIM22 in in vitro replication studies. We further 
hypothesize that the haplotypic variation in TRIM22 correlates with herpesviral 
loads in humans. Consequently, we speculate that the genetic variation observed 
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at the TRIM22 gene locus is due to evolutionary pressure exerted by 







 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   	   	   	   	   	  
 79 
Materials and Methods 
Cell Culture. HEK293, HeLa and CF2TH cells were obtained from the American 
Type Culture Collection (ATCC). HEK293 cells stably transduced with CD21 and 
HLA-II were obtained from the Fingeroth laboratory and cultured as described 
previously [138]. CF2TH cells stably transduced with human TRIM22 genes were 
obtained from the Letvin laboratory at Harvard Medical School and cultured in 
DMEM with 10% FBS and 4ug/ml puromycin [183].  
 
Virus Infections. EBV-GFP was diluted in DMEM with 10% FBS and Pen-Strep. 
EBV-GFP stocks were prepared from a cell line kindly donated by Wolfgang 
Hammerschmidt as described previously [141]. The virus was diluted in DMEM 
containing 10% FBS and the cells were infected for 5 days at 37°C. VSV-GFP 
was used according to described protocols and was a kind gift from Sean 
Whelan [184]. 
 
Plasmids and DNA Transfection. The TRIM22 cDNA was extracted from B 
lymphoblastoid cell lines from the Hap Map project and cloned into the pLPCX 
vector backbone (Clontech). HeLa cells were transfected with Effectene reagent 
and then infected at 24h after transfection. CF2TH cells stably transduced with 
the different TRIM22 haplotypes are a kind gift from So-Yon Lim. 
 
Western Blots. Cells were lysed in NuPAGE LDS Sample Buffer, and proteins 
were resolved on NuPAGE 4% to 12% Bis-Tris gels (Invitrogen) [143]. Proteins 
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were transferred overnight to nitrocellulose membranes and blocked with 5% milk 
in phosphate buffered saline (PBS) solution containing 0.1% Tween-20 (PBS-T). 
Membranes were probed with primary antibody at 4°C overnight, washed with 
PBS-T and incubated in secondary antibody for 1h at room temperature. Western 
blots were developed using the Super Signal Pico Chemiluminescence substrate.  
 
Flow Cytometry. HEK293 cells infected with EBV-GFP or VSV-GFP were 
trypsinized, collected by centrifugation and resuspended in solution containing 
Aqua-Amine (Life Technologies). Cells were washed twice in PBS and 
resuspended in 2% paraformaldehyde for 15 minutes at 4°C. The cells were 
analyzed using a LSR II flow cytometer and live cells were gated for using an 
Aqua-Amine negative gate after exclusion of doublets on forward and side 
scatter axes. GFP+ gate was defined on mock-infected cells. Data analysis was 
performed using FlowJo (version 8) software and graphs were constructed by 
using Graph Pad Prism software.  
 
In silico analyses of EBV genome copy numbers. Frequencies of TRIM22 
SNPs in HapMap B-LCLs were obtained from the dbSNP (Short Genetic 
Variations) from the NCBI database, using the specific rsSNP IDs assigned to 
different single nucleotide polymorphisms (http://www.ncbi.nlm.nih.gov/SNP/).  
The B-LCLs in the HapMap consortium originate from 4 different ethnic groups: a 
cohort of 30 trios (90 individuals) from Yoruba in Ibadan, Nigeria (YRI); a cohort 
of 30 trios from Utah with Northern and Western European ancestry (generated 
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at the Centre d’Etude Polymorphisme, CEU); from a cohort of 45 Japanese in 
Tokyo, Japan (JPT) and a cohort of 45 self-identified Han Chinese in Beijing, 
China (HCB) [180]. EBV genome copy numbers in B-LCLs were obtained from 
the Broad institute website 
(http://www.broadinstitute.org/mpg/pubs/hapmap_cell_lines/). All graphs were 
constructed using Graph Pad Prism software. 
 
Antibody titers. Plasma samples from a cohort of 45 Malawi patients were 
titered on anti-EBV VCA IgG ELISA kits from Abcam (ab108730). Briefly, five 10-
fold dilutions of plasma were added to ELISA plates pre-coated with Epstein-Barr 
antigen, followed by washing with phosphate buffered saline (PBS). Anti-human 
IgG labeled HRP was added to the plates. A colorimetric assay was conducted 
following catalysis of blue tetramethylbenzidine (TMB) to a yellow acidic solution 
after adding the stop solution. Controls included were a standard curve, EBV IgG 
cutoff control, EBV IgG negative control and EBV IgG positive control. The 
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Results 
The TRIM22 linker L2 domain mediates variation in susceptibility to HSV-1. 
Previous studies showed that non-synonymous amino acid substitutions in 
the TRIM22 protein reduced its ability to inhibit HIV-1, and individuals 
homozygous for CC at rs10838543 in the RING domain of TRIM22 were 
associated with chronic Hepatitis B virus (HBV) infection [163,164,181,182]. In 
order to characterize the genetic variation in TRIM22, our collaborators 
sequenced the TRIM22 gene loci in B-LCLs generated from the Caucasian and 
Yoruba cohorts in the HapMap project [180]. They identified seven TRIM22 
haplotypes in these populations with the following nsSNPs encoding amino acid 
substitutions: rs7935564 A/G (N155D), rs1066303 G/C (T242R), rs61735273 C/T 
(S244L), rs730404240 C/A (T294L) (Figure 3.1A) [183]. The resultant amino acid 
substitutions are located in the coiled-coil domain and in the linker L2 domain of 
the TRIM22 protein (Figure 3.1B).  
To characterize whether the TRIM22 haplotypic variation alters 
susceptibility to HSV-1, we generated CF2TH cells or canine thymocyte cell 
lines, stably transduced with either an empty vector or each of the seven different 
TRIM22 haplotypes. We infected these cells with HSV-1 7134R at a MOI of 0.1 
and assessed viral yields at 48 hpi. We observed that TRIM22 haplotypes 5, 6 
and 7 all reduced 7134R yields relative to empty vector transfection, but TRIM22 
haplotype 6 showed a significant reduction in viral yields (Figure 3.1C). When we 
measured the level of protein expression of the transfected TRIM22 haplotypes, 
we observed that haplotypes 6 and 7 were expressed at lower levels than the 
	   	   	   	   	   	  
 83 
rest (Figure 3.1D).  Despite their lower level of expression, haplotypes 6 and 7 
decreased viral replication, arguing that these TRIM22 haplotypes are potentially 
more restrictive to HSV-1 infection in vitro relative to the rest of the haplotypes. 
To confirm the TRIM22 haplotype-mediated variability in HSV-1 
susceptibility in another system, we transfected HeLa cells with either the empty 
vector or the vectors encoding each of the different TRIM22 haplotypes. We then 
infected the cells with HSV-1 7134R at a MOI of 0.1 and measured viral yields at 
48 hpi. Consistent with the results from the CF2TH cells, HeLa cells transfected 
with TRIM22 haplotypes 5, 6 and 7 showed lower viral yields relative to the 
empty vector transfected cells (Figure 3.1E). It must be noted that the level of 
restriction observed in HeLa cells was lower compared to the CF2TH cells, 
possibly due to the transient transfection system in HeLa cells versus the stable 
transduction in CF2TH cells (Figure 3.1E). TRIM22 haplotypes 6 and 7 showed 
lower levels of protein expression in HeLa cells relative to the other haplotypes 
consistent with the expression levels seen in the CF2TH cells (Figure 3.1F). 
Together, these results demonstrate that TRIM22 haplotypes 6 and 7 encoding 
the amino acid arginine at position 242, amino acid leucine at position 244 and 
threonine at position 294 are more restrictive than other haplotypes. In addition, 
these results suggested that variation in the TRIM22 gene locus could play a role 
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Figure 3.1: TRIM22 haplotypes alter susceptibility to HSV-1. Full-length 
TRIM22 cDNAs were prepared from the human lymphoblastoid cell lines (B-
LCLs) in the Caucasian and Yoruba cohorts generated in the HapMap project 
and sequenced. The resulting TRIM22 haplotypes were labeled in descending 
order of frequency in the whole population (A). The schematic diagram shows the 
location of the amino acid substitutions when mapped to the predicted domain 
structure of the TRIM22 protein (B). CF2TH cells stably transduced with an 
empty pLPCX vector control (EV) or the pLPCX vectors with TRIM22 haplotype 
insert (1, 2, 3, 4, 5, 6 and 7) were infected with HSV-1 7134R at 0.1 MOI. Viral 
yields were measured by plaque assays at 48hpi (n=3) (C). Representative 
western blot showing whole cell lysates probed for TRIM22 and GAPDH levels 
(D).  HeLa cells transfected with an empty pLPCX vector control (EV) or the 
pLPCX vector with TRIM22 haplotype insert (1, 2, 3, 4, 5, 6 and 7) were infected 
with HSV-1 7134R at an MOI of 0.1. Viral yields were determined at 48 hpi by a 
plaque assay on U2OS cells, (n=5) (E). Representative western blot showing 
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TRIM22 coiled-coil domain mediates variation in susceptibility to EBV. 
Our collaborators and others described a nsSNP in TRIM22 encoding an 
N155D amino acid substitution in the coiled-coil domain [180,183]. Given that the 
coiled-coil domain has been shown to be important for higher-order 
multimerization and antiviral activity in some TRIM proteins, we wanted to identify 
whether the SNP encoding an N155D amino acid substitution in the TRIM22 
coiled-coil domain altered the antiviral activity of TRIM22 [165]. We stably 
transduced CD21- and HLA-II-expressing HEK293 cells with full-length TRIM22 
haplotypes encoding either an asparagine (TRIM22 N155) or an aspartic acid 
(TRIM22 D155) at position 155, or with a control pLPCX vector, and assessed 
the efficiency of a γ-herpesvirus, or EBV infection. The cell lines were infected 
with EBV-GFP at MOIs up to 17 green Raji units/ml [185]. Both TRIM22 N155- 
and TRIM22 D155- transduced cell lines demonstrated fewer EBV-GFP+ cells 
than the empty control vector-transduced HEK293 cells (Figure 3.2A). Moreover, 
TRIM22 D155-transduced HEK293 cells demonstrated consistently fewer EBV-
GFP+ cells compared to HEK293 cells expressing TRIM22 N155 at (Figure 3.2A). 
Lysates prepared from the TRIM22-transduced cells showed equivalent TRIM22 
expression levels by immunoblotting (Figure 3.2B). Transduction of the TRIM22 
constructs into the HEK293 cells did not alter EBV receptor levels, CD21 and 
HLA-II, based on comparison of three separate clones of transduced cell lines 
(Figure 3.2C). In contrast, similar percentages of VSV-GFP+ cells were observed 
in HEK293 cell lines transduced with either of the TRIM22 variants or the empty 
pLPCX control vector (Figure 3.2D). These results indicated that modification of 
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an N to a D at position 155 in the coiled-coil domain of TRIM22 produces a small, 
but consistent decrease in the efficiency of EBV infection in vitro. These results 
also suggest that this amino acid residue may play a role in the anti-viral activity 
of TRIM22 by altering potential multimerization of TRIM22, as has been 
demonstrated for rhTRIM5α [94,165,186,187].  
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Figure 3.2: The N155D amino acid substitution in TRIM22 decreases the 
efficiency of EBV-GFP infection in vitro. HEK293 cells stably expressing 
CD21 and HLA-II were transduced with TRIM22 constructs encoding an 
asparagine at amino acid position 155 (TRIM22 N155, filled circles) or TRIM22 
encoding an aspartic acid at position 155 (TRIM22 D155, filled squares) or the 
empty pLPCX vector (hollow diamonds). Cells were infected in triplicates with an 
EBV-GFP construct for 48h and live, GFP+ cells were measured by flow 
cytometry (A). The expression of TRIM22 protein by the transduced cells was 
determined by immunoblotting using an anti-TRIM22 antibody. Levels of β actin 
were assessed as a loading control (B). The expression of CD21 and HLA-II was 
assessed prior to infection with EBV-GFP (C). TRIM22 N155, TRIM22 D155 and 
empty vector transduced HEK293 cells were infected with a VSV-GFP construct 
for 6h using serial dilutions of virus and analyzed by flow cytometry (D). Error 
bars represent standard deviation of the GFP+ cells. (**P<0.01, ***P<0.001 Two-
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TRIM22 SNP variation correlates with EBV genome loads in B-LCLs 
   Because TRIM22 decreased the efficiency of EBV infection in vitro, and 
particular SNPs in TRIM22 alter this efficiency, we next sought to determine the 
distribution of TRIM22 SNPs in different ethnic populations in order to evaluate 
an indirect correlate of EBV infection, or a measurement of the EBV genome 
copy number in B-LCLs. The literature is unclear as to which B-LCL clone grows 
out in a group of EBV-transformed B cells [188], the number of virions required to 
transform a B cell, the basis of inheritance of the EBV copies and what controls 
the amplification of the EBV genome upon transformation. It is known that upon 
infection, linear EBV genomes circularize to form the episomes characteristic of 
latency approximately 20h post infection [189]. Although it is suggested that this 
one episome converts to a closed covalent circle around 36h post-infection, the 
copy number of EBV latency is restricted to 1-5 copies/cell. In addition, the large 
variation in copy number is also due to a 100-1000x amplification of the genome 
during latency. 
Thus, we first determined whether there was a difference in the frequency 
of the TRIM22 SNPs across different ethnic groups prior to assessment of EBV 
genome copy numbers in B-LCLs. To do so, we assessed previously available 
information available on B-LCLs from the HapMap consortium [180]. The 
HapMap B-LCLs originated from 4 different ethnic groups as described in the 
methods: Yoruba (YRI), Caucasians (CEU), Japanese (JPT) and Han-Chinese 
(HCB). These B-LCLs were previously genotyped by the HapMap consortium at 
two SNPs at the TRIM22 locus, rs7935564 encoding an asparagine to aspartic 
	   	   	   	   	   	  
 91 
acid amino acid substitution at position 155 (N155D) in the coiled-coil domain, 
and rs1063303 encoding a threonine to arginine amino acid substitution at 
position 242 (T242R) in inker L2 domain of TRIM22 [180]. The HapMap database 
did not have information for the two SNPs rs61735273 (S244L) and rs73404240 
(T294L), encoding amino acid substitutions in the linker L2 domain. The HapMap 
database was then analyzed to determine the frequencies of the nsSNPs 
encoding the N155D and T242R amino acid substitutions in TRIM22 in the 4 
ethnic groups.  
We observed that the frequencies of individuals homozygous for D at 
amino acid position 155 in TRIM22 (D/D) or R at amino acid position 242 in 
TRIM22 (R/R) varied between the ethnic groups. The HCB and JPT cohorts both 
had higher frequencies of D155D and R242R homozygotes than the CEU and 
YRI groups. This difference between the ethnic groups was more profound when 
comparing homozygotes for TRIM22 D155D (HCB= 72.1%, JPT = 61.6%, CEU = 
12.4%, YRI = 22.3%) than homozygotes for TRIM22 R242R (HCB=66.7%, JPT= 
79.5%, CEU = 31.7%, YRI = 45.0%). 
Because reports in the literature suggest there are potential cellular 
factors that influence EBV genome copy number in B-LCLs [190,191], we 
evaluated whether TRIM22 SNPs could contribute to differences in EBV copy 
numbers in B-LCLs. A study conducted by Choy et al. (2008) measured EBV 
copy numbers in DNA extracted from HapMap B-LCLs by qPCR for the EBV 
DNA polymerase gene BALF5 [192]. The average values of the EBV copy 
numbers were calculated for each ethnic group. The HCB and JPT ethnic groups 
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had mean EBV genome copy numbers of 0.28 and 0.15 copies per cell, 
respectively, whereas the CEU and YRI ethnic groups had higher mean EBV 
genome copy numbers of 2.11 and 0.69 copies per cell, respectively (Figure 3.3). 
Therefore, the genetic variation in TRIM22 across ethnic groups correlates with 
the mean EBV genome copy numbers in B-LCLs from these ethnic groups. 
Specifically, the HCB and JPT groups that have higher frequencies of 
homozygotes encoding D155D and R242R also had lower EBV genome copy 










Figure 3.3: EBV genome copy number differs in B-LCLs from different 
cohorts. The EBV genome copy numbers as measured by qPCR for BALF5 by 
Choy E., et al., in B-LCLs from a cohort of 30 trios (90 individuals) from Yoruba in 
Ibadan, Nigeria (YRI); a cohort of 30 trios with Utah with Northern and Western 
European ancestry (generated at the Centre d’Etude Polymorphisme, CEU); from 
a cohort of 45 Japanese in Tokyo, Japan (JPT) and a cohort of 45 self-identified 
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We then compared the mean EBV genome copy numbers in B-LCLs from 
each ethnic group to the frequencies of homozygotes for D155D and R242R in 
each group (Figure 3.4A). We observed that the mean EBV genome copy 
numbers in B-LCLs correlated inversely with the frequency of individuals 
homozygous for TRIM22 D155D (Figure 3.4B) or TRIM22 R242R (Figure 3.4C) 
across the ethnic groups. We identified that a correlation between high TRIM22 
SNP frequencies encoding the N155D and the T242R amino acid substitutions 
and low EBV genome copy numbers was consistent even when the EBV genome 
copy numbers in the LCLs were measured at baseline and when the LCLs were 
expanded, but not when measured in a smaller sample size of biological 
replicates (Data not shown). 
At this point, it was unclear whether the lower EBV genome copy numbers 
were due to the ethnicity the B-LCLs originated from, or whether it was due to the 
TRIM22 genotype differences in these B-LCLs. Hence, we assessed the 
correlation between TRIM22 SNPs and EBV genome copy within the four ethnic 
groups, by subgrouping B-LCLs based on whether the TRIM22 gene locus was 
homozygous or heterozygous at amino acid residues at position 155 (N/D) and 
position 242 (R/T).  We observed that EBV genome copy numbers in the CEU 
cohort were approximately 2 copies per cell and were comparable between the 
different subgroups (Figure 3.4D). However, the EBV genome copy numbers 
were significantly different across TRIM22 genotypes in the YRI cohort, despite 
the lack of a clear stratification (Kruskal-Wallis test, P-value 0.0459) (Figure 
3.4E). This is possibly due to the significantly lower EBV genome copy numbers 
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in B-LCLs from TRIM22 D155D homozygotes versus the TRIM22 N155N 
homozygotes in the YRI cohort (Kruskal-Wallis test, P-value 0.0174) (Results not 
shown). Therefore, the inverse correlation of high frequencies of homozygotes 
encoding TRIM22 D155D or TRIM22 R242R with low mean EBV copy numbers 
was absent when the copy numbers were analyzed in relation to both these 
SNPs at the TRIM22 gene locus. Therefore, these results argue that there are 
other factors besides TRIM22 that affect EBV genome copy numbers in B-LCLs. 
However, in the HCB and JPT cohorts, there is a potential premise for 
evolutionary pressure on TRIM22, as both cohorts only had R242R 
homozygotes, with no other genotypes present in the sampled B-LCLs (Figures 
3.4F and 3.4G). Although this observation may be due to the smaller sample 
sizes of these ethnic groups than the CEU and YRI cohorts, it also hints at an 
evolutionary pressure that selects against the potentially more permissive 
TRIM22 T242T. Future studies should account for these sample sizes when 
investigating TRIM22 genetic diversity.  
These findings argued that the distribution of TRIM22 SNPs in the coiled-
coil and linker L2 domain differ between ethnic groups and initially suggested that 
these SNPs correlated with EBV genome copy numbers in B-LCLs from these 
groups. However, further analyses demonstrated that the ethnic origin of these 
B-LCLs is a better correlate for EBV genome copy numbers. This is consistent 
with the concept that multiple genetic traits are required to develop clear 
correlates for phenotypes, such as the maintenance of EBV genome copy 
numbers in B-LCLs. 
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This suggests that the in vitro culture conditions of the LCLs are variables 
that must be tightly controlled in future studies. This has also been demonstrated 
in a previous study that EBV DNA copy number fluctuates over time but stays in 
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Figure 3.4: The frequency of TRIM22 SNPs correlates inversely with mean 
EBV genome copy number between different ethnic groups, but not within 
the ethnic groups. A schematic of TRIM22 with the amino acids of interest is 
shown (A). The mean EBV genome copy number in the CEU (red), YRI (purple), 
JPT (green) and HCB (blue) cohorts is shown relative to the frequency of D155D 
homozygotes (B) and R242R homozygotes (C) in these cohorts. The EBV 
genome copy numbers relative to the TRIM22 SNPs encoding either N/D at 
position 155 and either T/R at position 242 in the CEU (D), YRI (E), HCB (F), and 
JPT (G) ethnic groups is shown. P values were calculated using Kruskal-Wallis 
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TRIM22 SNP correlates with variation in anti-EBV antibody titers. 
Previous genome-wide association studies suggested that there is a 
correlation between specific genetic variation and anti-EBV antibody titers in vitro 
[193]. Upon measuring anti-EBV viral capsid antigen (VCA) IgG antibodies by 
ELISA in a cohort of patients from Malawi, we identified that patients 
homozygous for aspartic acid at position 155 (TRIM22 D155D) in the coiled-coil 
domain of TRIM22 had lower antibody titers compared to patients homozygous 
for asparagine at this position (TRIM22 N155N) (Figure 3.5). Although these 
results were consistent with the data observed in in vitro infections (Figure 3.2C), 
the interpretation was unclear. Prior literature suggests that seropositivity for anti 
VCA IgG titers alone is suggestive of a recent EBV infection or poorly functioning 
cellular immunity [194]. Further research that measures the anti-VCA IgM and 
anti-EBNA IgG titers must be conducted before drawing any conclusions from 
these titers. Therefore, these antibody titers are indicative of a past EBV 
infection, reactivation from latency, the immune status of these patients, or a 
combination of all or more of these factors.  
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Figure 3.5: Individuals encoding TRIM22 D155D have lower anti-EBV 
antibody titers than individual encoding TRIM22 N155N. Plasma from a 
cohort of patients in Malawi was assessed for anti-EBV viral capsid antigen 
antibody titers by ELISA and optical densities were measured. 
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Discussion 
Variation in TRIM22 linker L2 and coiled-coil domains alters host 
herpesviral susceptibility. 
We also identified that variation in the linker L2 domain and the coiled-coil 
domain of TRIM22 altered the target cell’s susceptibility to HSV-1 and EBV 
respectively. The linker L2 domain is arguably more important, as the TRIM22 
haplotypes encoding an arginine at position 242 demonstrated lower HSV-1 viral 
yields, and the only genotype present in B-LCLs from the HCB and JPT cohorts 
was homozygozity for R242R.  
Amino acid substitutions in the linker L2 domain have been shown to alter 
the function of TRIM proteins. This domain was demonstrated to be an important 
component for TRIM5 dimerization, in concert with the B-box 2 and coiled-coil 
domains [195]. Furthermore, an amino acid substitution from aspartic acid to 
glycine in the linker L2 domain of TRIM5 attenuated its anti retroviral activity 
against HIV-1 and HIV-2 in in vitro studies [195]. This amino acid substitution 
was also associated with higher HIV-1 susceptibility in Japanese and Indian 
populations [196]. In prior work on TRIM22, the arginine to threonine amino acid 
substitution at position 242 (R242T) has been associated with decreased anti-
HIV-1 activity [181]. 
Interestingly, the R242T amino acid substitution in the linker L2 domain 
changed the distribution of TRIM22 from nuclear punctae to diffuse localization in 
the nucleus and cytoplasm in transfected HeLa cells [181]. This is consistent with 
our observation that TRIM22 haplotypes 6 and 7, which encode R at position 
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242, with the adjoining leucine residue at position 244 and threonine residue at 
position 294, demonstrate greater restriction to HSV-1 infection in vitro relative to 
the other haplotypes or the empty vector. These results argue that it would be 
important to assess the subcellular localization of the different TRIM22 
haplotypes, particularly those encoding an arginine at position 242, when 
addressing their antiviral role in HSV-1 infection.  
Furthermore, the absence of the TRIM22 SNP encoding a threonine at 
position 242 in B-LCLs from the HCB and JPT populations suggests that these 
populations have a lower frequency of the more permissive TRIM22 SNP. This 
argues for the selection of “restrictive” TRIM22 haplotypes in these ethnic 
groups. However, increasing the power of these studies and conducting further 
validation studies will further inform this hypothesis. In summary, these findings 
all emphasize the importance of the amino acid substitutions in the linker L2 
domain in the anti-viral activity of TRIM22.   
There is a precedent for the importance of the coiled-coil domain in the 
anti-viral activity of the TRIM proteins. Amino acid residues in the coiled-coil 
domain of TRIM proteins, specifically in rhTRIM5α, have been shown to be under 
positive selection [197]. From studies on domain swaps in the rhTRIM5α protein, 
the coiled-coil region has been shown to be important in forming multimers, 
which is crucial for effective binding of rhTRIM5α to lentiviral capsids [57,198-
200]. This domain has been also shown to be important in mediating HIV-1 
capsid specificity [173,201]. However, one contrasting study suggests that the 
functional replacement of the coiled-coil domain of rhTRIM5α with the coiled-coil 
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domains of either the TRIM6 or TRIM34 paralogs maintains anti-HIV-1 activity 
[79]. 
We also provide further evidence for the functional importance of amino 
acid substitutions in the coiled-coil domain of TRIM22: (i) We identified that cells 
transduced with TRIM22 D155D show relatively lower efficiency of EBV-GFP 
infections in vitro relative to TRIM22 N155N, (ii) B-LCLs from ethnic groups with 
a higher frequency of individuals homozygous for TRIM22 D155D have lower 
EBV genome copy numbers on average and (iii) plasma from patients 
homozygous for D155D demonstrate lower anti-EBV VCA IgG antibody titers 
than patients homozygous for N155N. Although these are all indirect correlates 
of herpesviral infections and measure different parameters of the EBV replication 
cycle, we hypothesize that this amino acid substitution is important for TRIM22’s 
anti-viral activity.  
This data is inconsistent with the HSV-1 restriction observed in 
transfection systems with the TRIM22 haplotypes that encode an aspartic acid at 
position 155 in the coiled-coil domain, or TRIM22 haplotypes 2, 5 and 7. We 
reported that transfection of TRIM22 haplotypes 5 and 7 both lowered HSV-1 
yields relative to the empty vector. The TRIM22 haplotype 2, on the other hand, 
did not demonstrate HSV-1 restriction. Both TRIM22 haplotypes 5 and 7 encode 
an arginine at position 242 in the linker L2 domain, whereas TRIM22 haplotype 2 
does not. Therefore, two out of the three haplotypes that encode an aspartic acid 
at position 155 in the coiled-coil domain also encode the more potentially 
restrictive arginine at position 242 in the linker L2 domain. Both the haplotypes 
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that do so also demonstrate restriction against HSV-1. Therefore, it would be 
interesting to assess the importance of the arginine at position 242 in the linker 
L2 domain in TRIM22-mediated restriction activity against EBV. Further structural 
and functional studies assessing the individual and combined importance of 
these amino acids at these positions in the linker L2 and coiled-coil domains of 
TRIM22 are needed to interpret the anti-herpesviral role of TRIM22. 
In contrast to previous in silico analysis of the TRIM22 gene locus, which 
identified 9 nsSNPs in the B30.2/SPRY domain, it is noteworthy that the TRIM22 
variation was primarily in the linker L2 domain and the coiled-coil domain, in the 
traditional sequencing analysis of B-LCLs done by our collaborators. The only 
common nsSNP between these two studies is the S244L amino acid substitution 
in the linker L2 domain of TRIM22. Therefore, it is worth assessing the 
importance of this particular amino acid substitution in structural and functional 
studies of TRIM22.  
 
Co-evolution of the TRIM5 and TRIM22 gene loci with herpesviruses 
The Red Queen hypothesis proposed by Leigh Van Valen in 1973 argues 
that hosts must keep pace with competitors or risk facing extinction [202]. In the 
case of genetic variation, there is always an evolutionary advantage to be gained 
by innovation [203]. As such, the TRIM5 and TRIM22 gene neighbors evolved 
under positive selection in hominoids and Old World Monkey species, such that 
they were positively selected in different species [116]. The rhTRIM5α inhibits 
HIV-1 [152], whereas TRIM22 in humans shows significant HIV-1 inhibition 
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[94].Thus far, this discordant evolution in the TRIM5 and TRIM22 genes was 
attributed to coevolution of nonhuman primates with lentiviruses.  
This pattern is similar to what is observed in the anti-herpesviral activity of 
the TRIM proteins. We previously found that the rhTRIM5α protein was capable 
of cross-species restriction of human HSV-1 [135], and we report here that the 
human TRIM22 protein also has an ability to restrict human HSV-1. In contrast, 
human TRIM5 does not restrict herpesviruses as much as the rhTRIM5alpha 
[135]. These results suggest that TRIM22 is a functional anti-herpesviral and 
anti-retroviral TRIM protein in humans, consistent with this protein being 
positively selected for in hominoids.  
Further evidence for herpesviruses also exerting positive selection on 
TRIM proteins is evident in the TRIM22 haplotypes that show discordant 
antiretroviral and anti-herpesviral activity. We demonstrate that the seven 
different haplotypes of TRIM22 show varying degrees of HSV-1 inhibition. The 
nsSNP encoding the T242R amino acid substitution in the linker L2 domain of 
TRIM22 has previously been demonstrated to alter viral inhibition [93,163,164]. 
In the context of HIV-1, 293T cells transfected with TRIM22 haplotypes 
homozygous for R242R show a decreased capacity to inhibit HIV-1 transcription 
[164]. In addition, HeLa cells transfected with the TRIM22 R242R also did not 
inhibit HIV-1 Gag production relative to wild-type TRIM22 [94]. In contrast with 
HSV-1, we observed that HeLa cells and CF2TH cells transfected with TRIM22 
R242R inhibit HSV-1. These differences in the antiviral specificity exerted by 
these TRIM22 haplotypes encoding R242R further hint at evolutionary pressures 
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exerted on this gene locus by retroviruses and herpesviruses. Consequently, we 
speculate whether the dichotomy of the antiviral specificity of the TRIM5 and 
TRIM22 gene loci is pathogen-driven and due to selection pressures from 
herpesviruses, in addition to the previously known lentiviruses.  
There is a precedent for related genes that have different antiviral 
specificities despite being closely related. For example, the IFIT1 and IFIT2 
haplotypes recognize different caps on viral mRNAs, suggesting that the 
presence of alleles in this gene locus allows for antiviral specificity against 
unrelated RNA and DNA viruses [204,205]. We hypothesize that the TRIM22 
haplotypes we identified are examples of the arms race between host and 
pathogens, in this case, the relatively unrelated herpesviruses and retroviruses. It 
would be interesting to assess whether the TRIM22 haplotypes that restrict HSV-
1 are different from those haplotypes that restrict HIV-1. However, the 
mechanism for these differences in antiviral specificity is hard to interpret given 
that the herpesviruses and retroviruses differ in their major pathogen-associated 
molecular patterns and replication cycles. Further studies assessing the common 
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Chapter 4:  



















	   	   	   	   	   	  
 108 
4.1: Summary 
 This dissertation addressed the importance of human tripartite motif 22 
(TRIM22) in herpesviral infections, using herpes simplex virus 1 (HSV-1) as a 
primary example of this virus family. We report a novel host and virus interaction, 
the importance of the subcellular localization of this interaction, and show that 
genetic variation at the TRIM22 gene locus alters susceptibility to the 
herpesviruses. 
We reported that TRIM22 is a novel restriction factor against HSV-1. We 
also demonstrate that it significantly inhibits the replication of a mutant virus 
lacking the immediate-early viral E3 ubiquitin ligase, infected cell polypeptide 0 
(ICP0), crucial for HSV-1 replication. TRIM22 restricts ICP0-null virus replication 
by promoting heterochromatinization of viral genomes post nuclear-entry. This 
reduces viral gene transcription and expression, and consequently viral yields. It 
must be noted that the TRIM22-mediated restriction is overcome by the wild-type 
equivalent of HSV-1 in an ICP0-dependent, but a degradation-independent 
mechanism. This mechanism of viral escape of a host restriction factor is in 
contrast to the ICP0-mediated degradation of other known restriction factors, 
including TRIM19/PML, IFI16 and components of the DNA damage repair 
pathway. Hence, the wild-type equivalent of the virus has other ICP0-dependent 
mechanisms that overcome the restriction in a degradation-independent manner.  
Therefore, this work characterizes a novel interaction between the host intrinsic 
immune response and the virus. 
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The subcellular localization of the host surveillance system for 
herpesviruses has been a controversial topic recently. Host sensors of “non-self” 
DNA have been shown to be located in both the nucleus [30] and the cytoplasm 
[28], which was hard to corroborate with the nuclear location of herpesviral DNA 
recognition [206]. Our preliminary results suggest that the nuclear localization 
signal in the C-terminal B30.2/SPRY domain of TRIM22 is important for the 
inhibition of the nuclear-replicating HSV-1. This finding is yet another example of 
constitutively expressed host factors that target viral DNA upon nuclear entry in 
host cells. We also demonstrated that the TRIM22-mediated restriction is broader 
than previously known and show that it is capable of restricting other 
herpesviruses that replicate in the nucleus, including cytomegalovirus (CMV), a 
β-herpesvirus and Epstein-Barr virus (EBV), a γ-herpesvirus. However, it must be 
noted that TRIM22 has been shown to inhibit encephalomyocarditis virus 
(ECMV), a virus that replicates in the cytoplasm, suggesting that TRIM22 also 
has non-nuclear mechanisms of restriction. Overall, this work adds to the 
growing literature that addresses the importance of subcellular localization of 
anti-viral mechanisms implemented by the host.  
The importance of the host TRIM22 in host antiviral responses is also 
evident in the positive selection exerted on this gene [116], resulting in its 
haplotypic diversification. Our collaborators identified four non-synonymous 
single nucleotide polymorphisms (nsSNPs) encoding amino acid substitutions in 
the linker L2 and the coiled-coil domains of TRIM22. We report that the 
combination of an arginine at position 242, leucine at position 244 and threonine 
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at position 294 in the linker L2 domain are important for HSV-1 restriction. 
Preliminary results also demonstrate that the presence of an aspartic acid at 
position 155 in the coiled-coil domain associated with lowered correlates of EBV 
infection in in vitro and ex vivo studies. Therefore, this work suggests that the 
linker L2 and coiled-coil domains are a potential interface for interaction between 
herpesviruses and host TRIM22. Importantly, the mutations in the different 
TRIM22 haplotypes is another example of the ongoing arms race between host 
and viruses, with the TRIM proteins as representatives of the host side and the 
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4.2: Discussion 
4.2.1: TRIM22 as a restriction factor 
4.2.1.1: How does TRIM22 inhibit HSV-1? 
The herpesviral genome consists of “naked” dsDNA that is not associated 
with proteins, as is traditionally seen with eukaryotic DNA. Although we 
demonstrated that TRIM22 promotes the compaction of viral DNA into 
nucleosomes, and modifies chromatin into inactive heterochromatin, the exact 
mechanism by which TRIM22 mediates these processes is unclear.  
An additional mechanistic concern is in the interpretation of the magnitude 
of the rescue in ICP0-null virus yields upon TRIM22 depletion, relative to the 
magnitudes observed for other restriction factors in the literature. The overall 
rescue in ICP0-null virus yields upon TRIM22 depletion is up to a 1000-fold. In 
contrast, the rescue in ICP0-null virus yields upon depletion of known restriction 
factors such as TRIM19/PML or IFI16 is only approximately 10-100 fold. In 
addition, the defect at each stage in the viral replication cycle due to TRIM22 is 
only approximately a few-fold. We propose two possible hypotheses for this 
degree in TRIM22-mediated rescue in viral yields.  
One hypothesis is that small effects at initial stages in viral replication, 
such as the observed reduction in histone occupancy on viral gene promoters, 
results in greater downstream defects on HSV-1 replication cycle. Another 
hypothesis is that TRIM22 restricts HSV-1 in an indirect pathway through one of 
the other well-known intrinsic resistance factors such as IFI16, TRIM19/PML in 
ND10 bodies, or a yet unknown factor. As mentioned earlier, further support for 
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this hypothesis is that the degree in rescue of the ICP0-null virus upon TRIM22 
depletion is substantially higher than what is observed upon depletion of each of 
these individual restriction factors of HSV-1[43,122]. The potential mechanisms 
and experiments that will address the latter hypothesis are discussed below. 
 
4.2.1.2: TRIM22 and IFI16 
 The interferon γ inducible protein 16 (IFI16) is an attractive candidate as 
an indirect mediator for TRIM22’s restriction activity for the following reasons: (i) 
Both TRIM22 and IFI16 have similar anti-herpesviral specificity against both 
HSV-1 and CMV. Our lab previously demonstrated that IFI16 restricts HSV-1, 
and we reported here that TRIM22 restricts HSV-1. IFI16 was shown to restrict 
CMV at an early stage in viral replication by impairing viral DNA synthesis after 
nuclear entry [207]. Although the TRIM22-mediated mechanism of CMV 
restriction is currently unknown, we demonstrated that TRIM22 depletion 
increased HCMV viral yields; (ii) Both TRIM22 and IFI16 have a similar anti-viral 
mechanism in HSV-1 infection- they interfere with viral gene expression by 
promoting heterochromatinization of viral DNA [43]; (iii) Both TRIM22 and IFI16 
localize to the nucleus, suggesting at a location-specific cooperation between 
these proteins; (iv) Although TRIM22 does not have a DNA-binding domain, 
IFI16 has demonstrated DNA-binding activity [208]. Based on the DNA-binding 
capacity of IFI16, we hypothesize that TRIM22 restricts HSV-1 through an IFI16-
mediated mechanism. 
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 Despite the earlier mentioned similarities between TRIM22 and IFI16, they 
differ in the mechanistic details of epigenetic silencing. In HSV-1 replication, 
incoming viral genomes initially are loaded with histones such as H3 to form 
nucleosomes. This is followed by post-translational modifications of the histone 
tails in nucleosomes to form inactive heterochromatin or active euchromatin. In 
the case of IFI16 depletion in primary fibroblasts, there are no observed changes 
in total histone H3, but there is an observed increase in euchromatin marks and 
decrease in heterochromatin marks on viral gene promoters [43]. In contrast, 
TRIM22 depletion reduces total histone H3 and reduces heterochromatin marks 
on viral DNA, with an insignificant trend in increased euchromatin marks on viral 
DNA. These results suggest a mechanistic quandary where the protein with the 
DNA-binding ability, or IFI16, does not alter initial histone H3 association on viral 
DNA. In contrast, TRIM22 alters histone H3 association despite the lack of a 
DNA-binding domain. 
 One possible explanation for these mechanistic differences between 
TRIM22 and IFI16 is that these restriction factors are temporally separated in 
their restriction. TRIM22 may initially act to compact viral DNA through a yet 
unknown DNA binding protein, followed by a synergy with the IFI16-mediated 
post-translational modification of histone tails to increase heterochromatinization 
and reduce euchromatinization of viral DNA. Furthermore, the effect of IFI16 on 
ICP0-null virus replication is more evident at low MOIs, whereas the TRIM22-
mediated rescue in ICP0-null virus replication is more evident at high MOIs in 
primary fibroblasts [43]. These results further suggest that it is unlikely that IFI16 
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is upstream of TRIM22. Therefore, future studies should address the effect of 
combined depletion of these proteins on viral yields at low MOIs to assess 
whether they synergize in their restriction abilities as hypothesized.  
 
4.2.1.3: TRIM22 and TRIM19/PML in ND10 bodies 
Although it is well established that ND10 bodies are recruited to incoming 
viral DNA genomes in the nucleus, it is unclear how exactly these nuclear 
structures mediate restriction [155,209-214]. This restriction is demonstrable by 
depletion of ND10 components such as tripartite motif 19 (TRIM19)/ 
promyelocytic leukemia protein (PML), speckled protein 100 (Sp100), Bloom 
syndrome helicase (BLM), hDaxx and α-thalassemia mental retardation X-linked 
(ATRX), which resulted in an increase in plaque-forming efficiencies and a 
rescue in herpesviral yields of mutant viruses [40,42,122,215-218]. TRIM19/PML 
is particularly important, as it is critical for the assembly of ND10 bodies [63]. 
Therefore, we speculated whether TRIM22 mediates its restriction activity 
through TRIM19/PML. 
The hypothesis that an interaction between TRIM22 and TRIM19/PML 
contributes to restriction of HSV-1 replication is attractive for the reasons that: (i) 
TRIM proteins are hypothesized to oligomerize through their coiled-coil domains 
[78,219] (ii) TRIM22 and TRIM19/PML are located in the nuclei of primary 
fibroblasts (Figure 2.4, [220]). TRIM22 has been shown to localize to nuclear 
Cajal bodies in certain cell types [221], and TRIM19/PML is critical for nuclear 
ND10 body formation [63]. Lastly, ND10 bodies are commonly associated with 
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Cajal bodies [222]. (iii) TRIM19/PML has been shown to mediate the anti-viral 
activity of exogenous interferon (IFN) in ICP0-null virus infections at low MOIs 
[223]. This is similar to our reported results at low MOIs- TRIM22 mediates a few-
fold rescue in viral yields of ICP0-null virus in Type I and Type II IFN pre-treated 
cells (iv) Both TRIM22 and TRIM19/PML have similar anti-herpesviral specificity. 
ND10 bodies, containing TRIM19/PML, have been implicated in the restriction of 
HSV-1, HCMV and EBV [214,224,225]. This is consistent with our results of 
TRIM22-mediated restriction of all three viruses. (v) TRIM19/PML depletion 
increases the viral yields of an ICP0-null mutant HSV-1, but not wild-type HSV-1 
[218]. This is similar to the phenotype observed upon TRIM22 depletion in ICP0-
null versus ICP0-rescued virus infections.  
A potential mechanism as to how TRIM22 mediates HSV-1 restriction 
through TRIM19/PML is that TRIM22 cooperates with TRIM19/PML to form 
higher-order multimers with TRIM19/PML. Hypothetically, this would stabilize 
TRIM19/PML. Given that TRIM19/PML is crucial for the assembly of the ND10 
bodies that localize to incoming viral genomes, we hypothesize that TRIM22 
depletion would result in the destabilization of ND10 bodies, preventing ND10 
function.  
A preliminary test of the potential relationship between TRIM22 and 
TRIM19/PML is to assess whether these proteins colocalize at endogenous 
levels, and also in the context of viral infections. However, the literature has 
conflicting results on whether TRIM22 localizes to TRIM19/PML in ND10 bodies, 
with no clear results showing colocalization of TRIM22 and TRIM19/PML in 
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immunofluorescence studies. One report claims in “data not shown” that there is 
no observed colocalization between TRIM22 and TRIM19/PML in ABC28 cells, a 
breast cancer cell line, in both basal and progesterone-treated cells [221]. 
Another dissertation claims that over-expressed TRIM22 colocalizes with PML in 
HT1080 cells, a fibrosarcoma cell line [226]. The endogenous localization of 
TRIM22 is also unclear- the localization of TRIM22 has been attributed to 
centrosomes [117] and to nuclear bodies that colocalize with Cajal bodies 
constituting of p80-coilin [221]. TRIM22 also has been shown to change 
subcellular localization depending on the cell cycle phase [221]. In our 
immunofluorescence studies, we have been limited in our testing of TRIM22 
subcellular localization by the lack of an effective antibody specific for 
endogenous TRIM22. To determine if there is any interaction between TRIM22 
and TRIM19/PML, it will be important to assess whether a tagged TRIM22 
construct and TRIM19/PML colocalize in immunofluorescence studies under 
conditions of ICP0-null virus and ICP0-rescued virus infections. Further co-
immunoprecipitation experiments should also assess for a direct interaction 
between TRIM22 and TRIM19/PML. 
A second means of interrogating the TRIM22 and TRIM19/PML 
relationship is by the measurement of ICP0-null HSV-1 viral yields upon 
depletion of these proteins. In preliminary studies, we depleted either TRIM22 or 
TRIM19/PML or both proteins, and assessed ICP0-null and –rescued viral yields 
in low MOI infections. We observed an additive effect on the rescue in ICP0-null 
virus yields upon depletion of both TRIM22 and PML, relative to either TRIM22 or 
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PML alone, in primary fibroblasts (Results not shown). These preliminary results 
suggest that TRIM22 and PML act in independent pathways in restricting the 
replication of the ICP0-null virus. These preliminary results also suggest that 
TRIM22 is unlikely to mediate HSV-1 restriction by PML; however, further 
experiments are needed to validate these results. In addition, other components 
of ND10 bodies, particularly hDaxx and ATRX, which have been shown to form a 
chromatin-remodeling complex in CMV restriction, should also be investigated 
[227].  
 
4.2.1.4: TRIM22 and TRIM28/KAP1 
  
4.2.1.4: TRIM22 and an unknown restriction factor 
Alternatively, TRIM22 may mediate its restriction activity through any of 
the other known or unknown factors that have anti-herpesviral restriction activity. 
A formal experiment to test this would be to pull down TRIM22 with antibodies 
specific to TRIM22 or a tagged construct, and conduct mass spectrometry on 
interacting partners in the context of mock-, ICP0-null and ICP0-rescued virus 
infections. The interacting proteins of interest likely to mediate anti-viral activity 
would be those that are mutually present or absent in ICP0-null virus infections 
relative to the other conditions. Given that TRIM22 alters histone occupancy and 
histone modifications on the viral genomes, it would be interesting to determine 
whether any of the pulled down proteins include chromatin-remodeling enzymes, 
which are important in the context of HSV-1 gene expression [48,130,228-230].  
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Another approach to assess how TRIM22 mediates its restriction is by 
addressing the relative importance of the different domains, or the RING, B-box, 
coiled-coil, the connecting linker L2, and B30.2/SPRY domains. We and others 
demonstrated that the presence of the B30.2/SPRY domain is important for the 
nuclear localization of TRIM22. Besides conferring a nuclear localization for 
TRIM22 to the same compartment as the nuclear-replicating herpesviruses, there 
may be other factors that argue for the importance of this domain [142]. In the 
case of rhTRIM5α, the B30.2/SPRY domain has been shown to be important for 
the anti-viral capsid specificity [77,173,174,231]. However, given the nuclear 
localization of TRIM22 in our system, it is unlikely that TRIM22 is mediating its 
anti-herpesviral activity by binding herpesviral capsid, which gets docked at 
nuclear pores during viral replication. The B30.2/SPRY domain in TRIM22 has 
predominantly shown to be important in mediating TRIM22’s role in NF-κB 
activation, suggesting that its role in innate immune activation may have a 
mechanistic role in HSV-1 inhibition.  
We also demonstrate that the linker L2 and coiled-coil domains are 
important for anti-herpesviral activity - an arginine at position 242, leucine at 
position 244 and threonine at position 294 in the linker L2 domain is important for 
HSV-1 restriction. We also show that the amino acid substitution from an 
asparagine to an aspartic acid residue at position 155 in the coiled-coil domain of 
TRIM22 impacts EBV restriction. There is precedent for the importance of the 
linker L2 and coiled-coil domains in TRIM-mediated restriction. In fact, mutations 
in the linker L2 domain with the adjoining coiled-coil domain of TRIM5α promote 
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the formation of α-helices in the protein. These α-helices facilitate higher-order 
multimerization, and the assembly of cytoplasmic TRIM5α structures crucial for 
HIV-1 restriction [78,232]. In our system, we observe that exogenously 
expressed TRIM22 forms nuclear bodies. Thus, we propose that these amino 
acid substitutions in the linker L2 domain and the coiled coil domain of TRIM22 
potentially increase the α-helical content in this protein. Subsequently, these 
secondary structures could promote higher order multimerization and the 
formation of nuclear bodies, important for HSV-1 restriction. Therefore, future 
immunofluorescence studies could address the subcellular localization of the 
different TRIM22 haplotypes encoding these amino acid substitutions. Additional 
circular dichroism studies assessing the impact of these amino acid substitutions 
on TRIM22 secondary structures could also be conducted.  
Notably, the TRIM22-mediated effect on HSV-1 restriction is not entirely 
abrogated by a RING domain deletion, or by the inactive E3 ubiquitin ligase 
mutant. This is in contrast to the previously known anti-viral activity of TRIM22, 
which in many cases is dependent on the E3 ubiquitin ligase activity of the RING 
domain [89-91,109]. Therefore, additional testing of whether the TRIM22 
mediated restriction of HSV-1 is abrogated under conditions of treatment with a 
proteasomal inhibitor or MG132 would provide further evidence on the 
importance of the RING domain and consequently, the E3 ubiquitin ligase 
pathway in this restriction.  
In order to identify novel TRIM22 interacting partners, future studies 
should assess the restrictive abilities of coiled-coil and linker L2 domain-deletion 
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mutants, and of mutants with specific amino acid substitutions demonstrated to 
be crucial for restriction. This would be followed up by pull-down studies 
comparing full-length TRIM22 versus deletion mutants lacking the domains or 
amino acid substitutions important for HSV-1 restriction to identify novel 
interactors. 
 
4.2.1.5: How does HSV-1 overcome the TRIM22-mediated restriction?  
It is interesting to note that the TRIM22-mediated restriction is only evident 
on the ICP0-null virus infections in primary fibroblasts, and this restriction is 
overcome by the wild-type equivalent of the virus. These results are suggestive 
of an ICP0-dependent mechanism of abrogating TRIM22 restriction. However, 
we demonstrated that TRIM22 is not degraded by ICP0.  
ICP0 has been shown to overcome host immune response by the ICP0-
mediated degradation of TRIM19/PML, which results in the disruption of ND10 
bodies [218]. We hypothesize that ICP0 overcomes TRIM22-mediated restriction 
in a similar mechanism by the disruption of TRIM22 nuclear bodies. One 
potential mechanism is that ICP0 has been shown to localize to centromeres and 
degrade components important for the architecture of centromeres such as the 
centromeric proteins (CENPs), specifically CENP-A, CENP-B and CENP-C [233-
236]. This results in an accumulation of p80-coilin on these damaged 
centromeres [237,238]. TRIM22 nuclear bodies colocalize with Cajal bodies 
containing p80-coilin [221]. TRIM22 and p80-coilin in Cajal bodies have been 
demonstrated to interact in co-immunoprecipitation studies [221]. Therefore, we 
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hypothesize that the presence of ICP0 destabilizes Cajal bodies, and 
subsequently TRIM22 nuclear bodies by promoting p80-coilin relocalization to 
damaged centromeres. This potentially disrupts TRIM22 nuclear bodies in their 
anti-viral functional role. It would be interesting to assess whether ICP0 disrupts 
TRIM22 bodies upon viral infection by immunofluorescence studies in primary 
fibroblasts. 
A potential unbiased approach to assess how ICP0 overcomes the 
TRIM22-mediated restriction of HSV-1 originates from the cell-type specific 
differences we observed. The effect of endogenous TRIM22 in primary 
fibroblasts seems specific to the ICP0-null virus, and the ICP0-rescued viruses 
are capable of overcoming the restriction in high MOI infections. However, in 
HeLa cells, we observed that both the ICP0-null and –rescued viruses are 
capable of overcoming the exogenous TRIM22-mediated effect at high MOIs, 
despite the high levels of protein expression observed upon transfection (Results 
not shown). Instead, the TRIM22-mediated restriction is evident on both the 
ICP0-null and ICP0-rescued viruses at low MOIs in HeLa cells. These cell-type 
differences suggest there is a factor present in primary fibroblasts, but absent in 
HeLa cells, which is crucial for the ICP0-rescued virus’s ability to overcome the 
TRIM22 restriction. A formal experiment assessing TRIM22’s interacting proteins 
in ICP0-null virus versus ICP0-rescued virus infections in primary fibroblasts 
versus HeLa cells could be informative of how ICP0 overcomes the TRIM22-
mediated restriction in these cell types.  
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Overall, it must be noted that the fact that ICP0 overcomes the TRIM22-
mediated restriction of HSV-1 in primary cells is further evidence that the 
herpesviruses have co-evolved with their hosts, and is an additional example for 
the virus-host arms race. Future studies could assess whether there are viral 
proteins parallel to ICP0 in the β- and γ-herpesviruses that can overcome the 
TRIM22-mediated restriction. Potential candidates include the HCMV viral 
proteins, IE1 and pp71, which have been shown to complement the ICP0-null 
HSV-1 [239]. In the case of EBV, the immediate-early protein, BZLF1, has been 
shown to disrupt ND10 bodies much like one of the functions of ICP0 [225]. We 
observed that TRIM22 depletion increased HCMV viral yields by approximately 
4-fold whereas TRIM22 over-expression reduced the efficiency of EBV infection 
in vitro by approximately 3-fold. It must be noted that the viruses used in both 
experiments are equivalent to the wild type, and therefore we hypothesize that 
replication defective versions of these viruses, such as an IE1-null and pp71-null 
HCMV mutant virus or a BZLF1-null EBV mutant virus, are likely to be restricted 
to a greater extent.  
 
4.2.2: TRIM proteins as epigenetic regulators  
 Epigenetic silencing is mediated by factors that either add, remove, read 
and transmit repressive and active histone modifications, DNA methylation and 
acetylation marks on chromatin. This dissertation reports a novel function of 
TRIM22 as an epigenetic regulator of viral genes. This was evidenced in 
conditions of TRIM22 depletion in primary fibroblasts by reduced nucleosomal 
	   	   	   	   	   	  
 123 
loading, reduced heterochromatin histone modifications and a trend towards an 
increase in euchromatin histone modifications immunoprecipitated on immediate-
early viral gene promoters.  
The premise for TRIM proteins as modifiers of epigenetic processes exists 
in a subset of the TRIM superfamily of proteins that have a C-terminal PHD-
Bromodomain chromatin interacting module [240]. These TRIM proteins differ 
from TRIM22 in their C-terminal domain, where TRIM22 has a B30.2/SPRY 
domain. Examples of such TRIM proteins include TRIM24 (TIF1α), TRIM28 
(TIF1β) and TRIM33 (TIF1γ). In the context of viruses, TRIM28 corepressor 
complex was shown to mediate retroviral silencing in embryonic stem cells. 
TRIM28 binds the retrovirus primer binding site adjacent to the 5’ long terminal 
repeat and mediates the addition of a dimethyl group on H3K9 [241]. TRIM28 
starts this process by the recruitment of epigenetic silencing factors such as 
histone deacetylase, histone methyltransferase, and members of the 
heterochromatin protein (HP1) family [242]. The authors also hypothesize that 
TRIM28 is targeted to DNA by a Kruppel-associated box zinc finger (KRAB-ZNF) 
protein. Therefore, TRIM28 acts as a corepressor by tethering epigenetic 
effectors to the target DNA site on the retroviral primer binding site, resulting in 
condensed nucleosomes that repress transcription and viral gene expression.  
Although members of this protein family are implicated in viral processes, 
their role in epigenetic regulation of the viral replication cycle is unclear. For 
example, the adenovirus E4orf3 viral gene product targets TRIM33 for 
proteasome-dependent degradation in infection. In addition, both TRIM24 and 
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TRIM33 are reorganized to TRIM19/PML bodies in viral infection suggesting that 
the regulation of these proteins is important for adenoviral replication [243]. It has 
been suggested that the E4-ORF3 viral oncoprotein mediated reorganization 
inactivates p53, TRIM19/PML, TRIM24. MRE11/RAD50/ NBS1 (MRN) tumor 
suppressor complex, enabling small DNA tumor virus mediated dysregulation of 
the cell cycle [244]. Additionally, TRIM24 and TRIM33 were shown to form a co-
repressor complex and cooperatively repress the VL-30 class of endogenous 
retroviruses in the liver [243]. TRIM24 is also shown to be downregulated in the 
increased pathogenicity of a virulent mouse-adapted strain of influenza [245]. 
Additionally, TRIM33 was shown to be upregulated in duck tracheas infected with 
a highly pathogenic or a low pathogenic strains of H5N1 avian influenza A 
viruses [189]. To summarize, there is precedence for the epigenetic role of TRIM 
proteins in viral processes and we add TRIM22 to this list. 
 
4.2.3: TRIM22 as an immune effector 
4.2.3.1: TRIM22 in the adaptive immune system 
 This dissertation does not address the importance of TRIM22 as an 
immune effector, despite the significant amount of literature suggesting its 
importance as an immune gene [246]. The role of TRIM22 in the adaptive 
immune system is closely tied to its expression, as evidenced by: (i) its high 
expression in cells of the lymphoid lineage [247] (ii) its decreased expression 
upon T cell activation [247] and repression during T cell costimulation [99] (iii) its 
association with autoimmune disorders, including the observed higher expression 
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of TRIM22 in lesional psoriatic skin relative to non-lesional psoriatic skin in 
patients [248] (iv) In systemic lupus erythematous (SLE), there was an observed 
hypomethylation of the TRIM22 gene locus in naïve CD4+ T cells from patients 
[249], and TRIM22 expression was decreased in CD4+ T cells in a “disease 
active” state relative to CD4+ T lymphocytes in a “nonactive” state from a SLE 
patient [100].  
It must be noted that it was unclear in these studies whether the role of 
TRIM22 is causative or phenotypic. In the psoriasis study, the authors 
hypothesized that the higher expression of TRIM22 and other anti-viral genes 
resulted in the infrequent cutaneous viral infections observed in psoriatic patients 
[248]. In the SLE study, the authors assumed that the observed downregulation 
of TRIM22 is a marker of CD4+ T cell activation, consistent with the presence of 
activated lymphocytes in an autoimmune lymphocyte phenotype [100]. 
Interestingly, the CD4+ T cells in the SLE “disease active” state also 
demonstrated a higher expression of DNA virus associated proteins, including 
heterogeneous nuclear ribonucleoprotein U-like protein 1 (HNRPUL1), which 
binds an adenovirus oncoprotein and tumor necrosis factor ligand superfamily 
member 14 (TNFSF14), which is the herpes virus entry mediator ligand [100]. 
Although unreported, it would be interesting to assess if the higher expression of 
these DNA virus associated proteins correlates with higher susceptibility to viral 
infections in these patients. 
In conclusion, these findings argue that it is worth addressing TRIM22’s 
role in in vivo implications for herpesviral treatments. Although the anti-viral role 
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of TRIM22 suggests that increasing its expression would be advantageous to the 
host for viral inhibition, the counter argument would be that TRIM22 
downregulation in lymphocytes might be required for T cell activation in order to 
mount an effective immune response. Despite the lack of clarity on the in vivo 
role of TRIM22 in the adaptive immune system, TRIM22 may well be one of 
many factors in the balance between the “good” or anti-viral immune responses 
versus the “bad” or autoimmune disorders. 
 
4.2.3.2: TRIM22 in the innate immune system 
TRIM22 has been shown to have a role in innate immune regulation of 
nuclear factor kappa B (NF-κB) activation, a transcription factor important in the 
induction of inflammatory cytokines [101,102,119]. The reports on TRIM22’s role 
in NF-κB activity suggest that it is a balancing factor between the canonical and 
non-canonical pathways of NF-κB activation. We wished to address whether 
TRIM22’s role in the innate immune system is separable from its role as a 
restriction factor in herpesviral inhibition. 
The canonical pathway of NF-κB activation is regulated by the tumor 
necrosis factor receptor associated factor 6 (TRAF6), an E3 ubiquitin ligase 
(Reviewed in [102]). TRAF6-mediated ubiquitination activates the downstream 
kinase complex composed of TAK1, TAB1 and TAB2. This kinase complex 
phosphorylates the inhibitor of κB (IκB) kinase (IKK) complex. This is mediated 
by TAB2, which binds the polyubiquitin chains of TRAF6, which in turn promotes 
TRAF6 self-ubiquitination and its association with the downstream IKK complex. 
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This results in the subsequent dissociation of IκBα from NF-κB, and thus NF-κB 
activation. TRIM22 has been shown to regulate this pathway by targeting TAB2 
for degradation, and thus it is a negative regulator of the canonical pathway of 
NF-κB activation [102].   
Another group addressed the role of TRIM22 as a positive regulator in the 
non-canonical pathway of NF-κB activation. These studies are conducted by 
over-expression of TRIM22, rather than by co-transfection studies of TRIM22 and 
TRAF6 as reported earlier. In the non-canonical pathway, TRIM22 
phosphorylates IKKα, resulting in the subsequent activation of the NF-κB 
pathway [101]. These results are consistent with the initial report that TRIM22 
overexpression resulted in NF-κB activation in a macrophage cell line [119].  
We hypothesize that HSV-1 hijacks TRIM22’s role in regulating the 
canonical versus non-canonical pathways of NF-κB regulation. It has been 
shown that ICP0 expression exports herpesvirus-associated ubiquitin-specific 
protease (HAUSP) or ubiquitin-specific protease 7 (USP7), from the nucleus to 
cytoplasm where USP7 binds and deubiquitinates TRAF6 and IKKγ, thus 
inhibiting the NF-κB response. Hence, the presence of ICP0 in a wild-type virus 
infection would be reminiscent of TRIM22’s role in the canonical pathway or 
where TRIM22 is an inhibitor of the NF-κB response. Conversely, in the absence 
of ICP0, TRIM22 potentially mediates NF-κB activation via the non-canonical 
pathway resulting in the production of NF-κB responsive anti-viral cytokines. In 
fact, TRIM22 has been hypothesized to interact with USP7 in a yeast two-hybrid 
screen under non-viral conditions [250]. It would be interesting to assess if 
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TRIM22 sequesters USP7 in the nucleus, preventing the USP7-mediated 
inhibition of the NF-κB response observed in the presence of ICP0.  
Consistent with this hypothesis, we observed that TRIM22 depletion 
reduced basal levels of NF-κB cytokines, such as IL6 transcript levels in 
untreated primary fibroblasts (Results not shown). We also observed that 
TRIM22 depletion reduced the induction of IL-1beta and IL-18, other NF-κB 
responsive cytokines by a few fold in the ICP0+ or 7134R virus infection (Results 
not shown). There was no difference observed upon ICP0- or the 7134 virus 
infection (Results not shown). However, the more conclusive experiment is to 
determine whether the rescue in ICP0-null viral yields observed under TRIM22 
depletion is abrogated upon activating the NF-κB pathway. Therefore, the role of 
TRIM22 in regulating the NF-κB pathway in HSV-1 infection would require further 
elucidation. 
Interestingly, there may be a role for TRIM22 as an innate immune 
effector in RNA virus infections. In preliminary results, we observed an eight-fold 
reduction in IFNβ induction upon TRIM22 depletion in primary fibroblasts relative 
to control depletion in Sendai virus infection, an RNA virus (Results not shown). 
These preliminary results suggest that the TRIM22-mediated effect in the 
inhibition of RNA viruses may be dependent on its role as an innate immune 
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4.2.4: TRIM22 as a cell cycle mediator in oncogenesis 
 There is evidence in the literature that suggests that TRIM22 is involved in 
the progression of the cell cycle [251]: (i) TRIM22 is downregulated in breast 
cancer [252] (ii) its overexpression reduces the clonogenic growth of U937 cells, 
a leukemic cancer cell line [118] (iii) it is downregulated upon maturation of 
hematopoietic stem cells into the erythroid lineage [103] (iv) it associates with the 
centrosome regardless of the cell cycle phase in one report [117], but TRIM22 
nuclear bodies begin to form in the G0/G1 phase of the cell cycle and are 
dispersed in the S phase in HeLa cells [221] (iv) its lower expression in Wilms 
tumors, a renal neoplasm, has also been associated with fatality [104,105] and 
its reduced expression has been associated with neuroblastoma tumorigenesis 
[253].  
Although it is well-known that the small DNA tumor viruses such as SV40 
and the human papilloma virus require an S-phase environment to support viral 
replication, herpesviruses prevent cell cycle progression into the S phase during 
lytic replication. HSV-1 has been shown to block cellular DNA synthesis [254], 
HSV-1 ICP0 arrests cell cycle progression from G1 into the S phase [255-257] 
and ICP27 is also important in HSV-1 mediated growth arrest [258]. CMV has 
been shown to inhibit cell cycle progression from G1 to S phase, despite 
encoding proteins that elicit cell cycle progression such as IE1 and IE2 (reviewed 
in [258]). In EBV infection, the switch from latent replication to lytic replication 
results in a G0/G1 arrest (reviewed in [258]). Therefore, there is precedent for the 
importance of cell cycle arrest in herpesviral replication. We speculate that the 
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interaction between TRIM22, the herpesviruses and the cell cycle could begin to 
be elucidated by assessing viral yield assays in synchronized cells, and in 
growth-arrested cells.   
As we mentioned previously, TRIM22 potentially has a role in viral latency. 
The EBV latent membrane protein-1 (LMP-1), which is required for EBV latency, 
is upregulated in exogenous TRIM22 expression [112]. TRIM22 also has been 
demonstrated to be upregulated by the KSHV LANA protein [111]. Although there 
have been no direct experiments addressing the importance of TRIM22 in 
latency, it would be interesting to address whether the γ-herpesviruses such as 
EBV hijack the cell biological role of TRIM22 in cell proliferation in mediating 
oncogenesis post establishment of viral latency.  
 
4.2.5: Is TRIM22 genotype a predictor of host herpesviral susceptibility? 
The TRIM5 and TRIM22 gene neighbors have been shown to be 
important in restricting lentiviruses [259,260]. Additional data suggests that TRIM 
proteins are important for restricting viruses outside of the lentivirus family, 
particularly TRIM22 (Reviewed in [153]). We demonstrated in this dissertation 
that TRIM22 inhibits the herpesviruses and also showed that the seven different 
TRIM22 haplotypes identified by our collaborators vary in their degree of HSV-1 
restriction. We also show that individuals homozygous for the presence of SNPs 
encoding an arginine at position 242 in the linker L2 domain, or homozygous for 
an aspartic acid at position 155 in the coiled-coil domain are potentially more 
restrictive to HSV-1 and EBV, respectively. We demonstrate that the frequency of 
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individuals homozygous for the more “restrictive” SNPs varied across Caucasian, 
Yoruba, Japanese and Han Chinese ethnic groups.  It would be interesting to 
assess whether the TRIM22 haplotypes that a person encodes correlate with 
individual susceptibility to herpesviral infection/disease. Further studies 
assessing the TRIM22 genotypes of individuals and their herpesviral titers at 
early time points post acquisition and measurement of herpesviral loads post 
reactivation as a correlate of herpesviral disease may be potential avenues of 
interest.  
The haplotypic diversification observed at the TRIM22 gene locus, 
combined with additional studies addressing the role of the different TRIM22 
haplotypes in altering the degree of susceptibility to other relevant viruses in the 
human population including human immunodeficiency virus-1 (HIV-1), hepatitis B 
virus (HBV), hepatitis C virus (HCV), encephalomyocarditis virus (EMCV) and 
influenza A virus (IAV) will further broaden the spectrum of evidence for the 
importance of TRIM22 as an anti-viral factor.  
In conclusion, we demonstrated that TRIM22 is a novel restriction factor of 
herpesviruses with a focused analysis on the mechanism of TRIM22-mediated 
restriction in HSV-1 replication. The genetic variation in TRIM22 is a potential 
marker for the differences in herpesviral susceptibility between individuals and 
across ethnic groups, and is another example of the arms race between hosts 
and viruses.  
 
 




1. Roizman B, Knipe DM, Whitley RJ (2013) Herpes Simplex Viruses. In: Knipe 
DM, Howley PM, editors. Fields Virology. 6th ed. Philadelphia: Lippincott 
Williams & Wilkins. pp. 1823-1897. 
2. Vandevenne P, Sadzot-Delvaux C, Piette J (2010) Innate immune response 
and viral interference strategies developed by human herpesviruses. 
Biochem Pharmacol 80: 1955-1972. 
3. Wald A, Corey L (2007) Persistence in the population: epidemiology, 
transmission. In: Arvin A, Campadelli-Fiume G, Mocarski E, Moore PS, 
Roizman B et al., editors. Human Herpesviruses: Biology, Therapy, and 
Immunoprophylaxis. Cambridge. 
4. Xu F, Schillinger JA, Sternberg MR, Johnson RE, Lee FK, et al. (2002) 
Seroprevalence and coinfection with herpes simplex virus type 1 and type 
2 in the United States, 1988-1994. J Infect Dis 185: 1019-1024. 
5. Fanfair RN, Zaidi A, Taylor LD, Xu F, Gottlieb S, et al. (2013) Trends in 
seroprevalence of herpes simplex virus type 2 among non-Hispanic blacks 
and non-Hispanic whites aged 14 to 49 years--United States, 1988 to 
2010. Sex Transm Dis 40: 860-864. 
6. Control CfD (Accessed March 1, 2014). 
7. Organization WH. 
8. Andersson-Anvret M, Forsby N, Klein G, Henle W, Biorklund A (1979) 
Relationship between the Epstein-Barr virus genome and nasopharyngeal 
carcinoma in Caucasian patients. Int J Cancer 23: 762-767. 
9. Nicholls JM, Agathanggelou A, Fung K, Zeng X, Niedobitek G (1997) The 
association of squamous cell carcinomas of the nasopharynx with Epstein-
Barr virus shows geographical variation reminiscent of Burkitt's lymphoma. 
J Pathol 183: 164-168. 
10. Kelly GL, Rickinson AB (2007) Burkitt lymphoma: revisiting the pathogenesis 
of a virus-associated malignancy. Hematology Am Soc Hematol Educ 
Program: 277-284. 
	   	   	   	   	   	  
 133 
11. Niedobitek G, Agathanggelou A, Nicholls JM (1996) Epstein-Barr virus 
infection and the pathogenesis of nasopharyngeal carcinoma: viral gene 
expression, tumour cell phenotype, and the role of the lymphoid stroma. 
Semin Cancer Biol 7: 165-174. 
12. Knipe DM, Howley PM (2013) Fields virology; Cohen J, Griffin DE, Lamb RA, 
Martin MA, Racaniello VR et al., editors. Philadelphia: Wolters 
Kluwer/Lippincott Williams & Wilkins Health. p. 2456 p. 
13. Cai W, Schaffer PA (1992) Herpes simplex virus type 1 ICP0 regulates 
expression of immediate-early, early, and late genes in productively 
infected cells. J Virol 66: 2904-2915. 
14. Chen J, Silverstein S (1992) Herpes simplex viruses with mutations in the 
gene encoding ICP0 are defective in gene expression. J Virol 66: 2916-
2927. 
15. Everett RD (1985) Activation of cellular promoters during herpes virus 
infection of biochemically transformed cells. EMBO J 4: 1973-1980. 
16. Cai W, Astor TL, Liptak LM, Cho C, Coen DM, et al. (1993) The herpes 
simplex virus type 1 regulatory protein ICP0 enhances virus replication 
during acute infection and reactivation from latency. J Virol 67: 7501-7512. 
17. Murata T (2014) Regulation of Epstein-Barr virus reactivation from latency. 
Microbiol Immunol 58: 307-317. 
18. Speck P, Haan KM, Longnecker R (2000) Epstein-Barr virus entry into cells. 
Virology 277: 1-5. 
19. Haan KM, Kwok WW, Longnecker R, Speck P (2000) Epstein-Barr virus entry 
utilizing HLA-DP or HLA-DQ as a coreceptor. J Virol 74: 2451-2454. 
20. Kanda T, Kamiya M, Maruo S, Iwakiri D, Takada K (2007) Symmetrical 
localization of extrachromosomally replicating viral genomes on sister 
chromatids. J Cell Sci 120: 1529-1539. 
	   	   	   	   	   	  
 134 
21. Nanbo A, Sugden A, Sugden B (2007) The coupling of synthesis and 
partitioning of EBV's plasmid replicon is revealed in live cells. EMBO J 26: 
4252-4262. 
22. Shaw JE, Levinger LF, Carter CW, Jr. (1979) Nucleosomal structure of 
Epstein-Barr virus DNA in transformed cell lines. J Virol 29: 657-665. 
23. Dyson PJ, Farrell PJ (1985) Chromatin structure of Epstein-Barr virus. J Gen 
Virol 66 ( Pt 9): 1931-1940. 
24. Dheekollu J, Lieberman PM (2011) The replisome pausing factor Timeless is 
required for episomal maintenance of latent Epstein-Barr virus. J Virol 85: 
5853-5863. 
25. Melchjorsen J (2012) Sensing herpes: more than toll. Rev Med Virol 22: 106-
121. 
26. Paludan SR, Bowie AG, Horan KA, Fitzgerald KA (2011) Recognition of 
herpesviruses by the innate immune system. Nat Rev Immunol 11: 143-
154. 
27. Kurt-Jones EA, Chan M, Zhou S, Wang J, Reed G, et al. (2004) Herpes 
simplex virus 1 interaction with Toll-like receptor 2 contributes to lethal 
encephalitis. Proc Natl Acad Sci U S A 101: 1315-1320. 
28. Sun L, Wu J, Du F, Chen X, Chen ZJ (2013) Cyclic GMP-AMP synthase is a 
cytosolic DNA sensor that activates the type I interferon pathway. Science 
339: 786-791. 
29. Kim T, Pazhoor S, Bao M, Zhang Z, Hanabuchi S, et al. (2010) Aspartate-
glutamate-alanine-histidine box motif (DEAH)/RNA helicase A helicases 
sense microbial DNA in human plasmacytoid dendritic cells. Proc Natl 
Acad Sci U S A 107: 15181-15186. 
30. Orzalli MH, DeLuca NA, Knipe DM (2012) Nuclear IFI16 induction of IRF-3 
signaling during herpesviral infection and degradation of IFI16 by the viral 
ICP0 protein. Proc Natl Acad Sci U S A 109: E3008-3017. 
	   	   	   	   	   	  
 135 
31. Johnson KE, Chikoti L, Chandran B (2013) Herpes simplex virus 1 infection 
induces activation and subsequent inhibition of the IFI16 and NLRP3 
inflammasomes. J Virol 87: 5005-5018. 
32. Bandyopadhyay SK, Leonard GT, Jr., Bandyopadhyay T, Stark GR, Sen GC 
(1995) Transcriptional induction by double-stranded RNA is mediated by 
interferon-stimulated response elements without activation of interferon-
stimulated gene factor 3. J Biol Chem 270: 19624-19629. 
33. Guo Y, Audry M, Ciancanelli M, Alsina L, Azevedo J, et al. (2011) Herpes 
simplex virus encephalitis in a patient with complete TLR3 deficiency: 
TLR3 is otherwise redundant in protective immunity. J Exp Med 208: 
2083-2098. 
34. Perez de Diego R, Sancho-Shimizu V, Lorenzo L, Puel A, Plancoulaine S, et 
al. (2010) Human TRAF3 adaptor molecule deficiency leads to impaired 
Toll-like receptor 3 response and susceptibility to herpes simplex 
encephalitis. Immunity 33: 400-411. 
35. Casrouge A, Zhang SY, Eidenschenk C, Jouanguy E, Puel A, et al. (2006) 
Herpes simplex virus encephalitis in human UNC-93B deficiency. Science 
314: 308-312. 
36. Sancho-Shimizu V, Perez de Diego R, Lorenzo L, Halwani R, Alangari A, et 
al. (2011) Herpes simplex encephalitis in children with autosomal 
recessive and dominant TRIF deficiency. J Clin Invest 121: 4889-4902. 
37. Bousfiha A, Picard C, Boisson-Dupuis S, Zhang SY, Bustamante J, et al. 
(2010) Primary immunodeficiencies of protective immunity to primary 
infections. Clin Immunol 135: 204-209. 
38. Adam SG, Caraux A, Fodil-Cornu N, Loredo-Osti JC, Lesjean-Pottier S, et al. 
(2006) Cmv4, a new locus linked to the NK cell gene complex, controls 
innate resistance to cytomegalovirus in wild-derived mice. J Immunol 176: 
5478-5485. 
39. Bieniasz PD (2004) Intrinsic immunity: a front-line defense against viral 
attack. Nat Immunol 5: 1109-1115. 
	   	   	   	   	   	  
 136 
40. Glass M, Everett RD (2013) Components of promyelocytic leukemia nuclear 
bodies (ND10) act cooperatively to repress herpesvirus infection. J Virol 
87: 2174-2185. 
41. Cantrell SR, Bresnahan WA (2006) Human cytomegalovirus (HCMV) UL82 
gene product (pp71) relieves hDaxx-mediated repression of HCMV 
replication. J Virol 80: 6188-6191. 
42. Lukashchuk V, Everett RD (2010) Regulation of ICP0-null mutant herpes 
simplex virus type 1 infection by ND10 components ATRX and hDaxx. J 
Virol 84: 4026-4040. 
43. Orzalli MH, Conwell SE, Berrios C, DeCaprio JA, Knipe DM (2013) Nuclear 
interferon-inducible protein 16 promotes silencing of herpesviral and 
transfected DNA. Proc Natl Acad Sci U S A 110: E4492-4501. 
44. Weitzman MD, Lilley CE, Chaurushiya MS (2010) Genomes in conflict: 
maintaining genome integrity during virus infection. Annu Rev Microbiol 
64: 61-81. 
45. Lilley CE, Chaurushiya MS, Boutell C, Everett RD, Weitzman MD (2011) The 
intrinsic antiviral defense to incoming HSV-1 genomes includes specific 
DNA repair proteins and is counteracted by the viral protein ICP0. PLoS 
Pathog 7: e1002084. 
46. Lilley CE, Carson CT, Muotri AR, Gage FH, Weitzman MD (2005) DNA repair 
proteins affect the lifecycle of herpes simplex virus 1. Proc Natl Acad Sci 
U S A 102: 5844-5849. 
47. Lilley CE, Chaurushiya MS, Boutell C, Landry S, Suh J, et al. (2010) A viral 
E3 ligase targets RNF8 and RNF168 to control histone ubiquitination and 
DNA damage responses. EMBO J 29: 943-955. 
48. Taylor TJ, Knipe DM (2004) Proteomics of herpes simplex virus replication 
compartments: association of cellular DNA replication, repair, 
recombination, and chromatin remodeling proteins with ICP8. J Virol 78: 
5856-5866. 
	   	   	   	   	   	  
 137 
49. Eidson KM, Hobbs WE, Manning BJ, Carlson P, DeLuca NA (2002) 
Expression of herpes simplex virus ICP0 inhibits the induction of 
interferon-stimulated genes by viral infection. J Virol 76: 2180-2191. 
50. Melroe GT, Silva L, Schaffer PA, Knipe DM (2007) Recruitment of activated 
IRF-3 and CBP/p300 to herpes simplex virus ICP0 nuclear foci: Potential 
role in blocking IFN-beta induction. Virology 360: 305-321. 
51. Ozato K, Shin DM, Chang TH, Morse HC, 3rd (2008) TRIM family proteins 
and their emerging roles in innate immunity. Nat Rev Immunol 8: 849-860. 
52. Saurin AJ, Borden KL, Boddy MN, Freemont PS (1996) Does this have a 
familiar RING? Trends Biochem Sci 21: 208-214. 
53. Nisole S, Stoye JP, Saib A (2005) TRIM family proteins: retroviral restriction 
and antiviral defence. Nat Rev Microbiol 3: 799-808. 
54. Meroni G, Diez-Roux G (2005) TRIM/RBCC, a novel class of 'single protein 
RING finger' E3 ubiquitin ligases. Bioessays 27: 1147-1157. 
55. Diaz-Griffero F, Qin XR, Hayashi F, Kigawa T, Finzi A, et al. (2009) A B-box 2 
surface patch important for TRIM5alpha self-association, capsid binding 
avidity, and retrovirus restriction. J Virol 83: 10737-10751. 
56. Li X, Sodroski J (2008) The TRIM5alpha B-box 2 domain promotes 
cooperative binding to the retroviral capsid by mediating higher-order self-
association. J Virol 82: 11495-11502. 
57. Javanbakht H, Yuan W, Yeung DF, Song B, Diaz-Griffero F, et al. (2006) 
Characterization of TRIM5alpha trimerization and its contribution to human 
immunodeficiency virus capsid binding. Virology 353: 234-246. 
58. Henry J, Mather IH, McDermott MF, Pontarotti P (1998) B30.2-like domain 
proteins: update and new insights into a rapidly expanding family of 
proteins. Mol Biol Evol 15: 1696-1705. 
59. de The H, Lavau C, Marchio A, Chomienne C, Degos L, et al. (1991) The 
PML-RAR alpha fusion mRNA generated by the t(15;17) translocation in 
	   	   	   	   	   	  
 138 
acute promyelocytic leukemia encodes a functionally altered RAR. Cell 66: 
675-684. 
60. Kakizuka A, Miller WH, Jr., Umesono K, Warrell RP, Jr., Frankel SR, et al. 
(1991) Chromosomal translocation t(15;17) in human acute promyelocytic 
leukemia fuses RAR alpha with a novel putative transcription factor, PML. 
Cell 66: 663-674. 
61. Goddard AD, Borrow J, Freemont PS, Solomon E (1991) Characterization of 
a zinc finger gene disrupted by the t(15;17) in acute promyelocytic 
leukemia. Science 254: 1371-1374. 
62. Bernardi R, Pandolfi PP (2007) Structure, dynamics and functions of 
promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol 8: 1006-
1016. 
63. Ishov AM, Sotnikov AG, Negorev D, Vladimirova OV, Neff N, et al. (1999) 
PML is critical for ND10 formation and recruits the PML-interacting protein 
daxx to this nuclear structure when modified by SUMO-1. J Cell Biol 147: 
221-234. 
64. El Bougrini J, Dianoux L, Chelbi-Alix MK (2011) PML positively regulates 
interferon gamma signaling. Biochimie 93: 389-398. 
65. Chelbi-Alix MK, Quignon F, Pelicano L, Koken MH, de The H (1998) 
Resistance to virus infection conferred by the interferon-induced 
promyelocytic leukemia protein. J Virol 72: 1043-1051. 
66. Bonilla WV, Pinschewer DD, Klenerman P, Rousson V, Gaboli M, et al. 
(2002) Effects of promyelocytic leukemia protein on virus-host balance. J 
Virol 76: 3810-3818. 
67. Mitchell AM, Hirsch ML, Li C, Samulski RJ (2014) Promyelocytic leukemia 
protein is a cell-intrinsic factor inhibiting parvovirus DNA replication. J Virol 
88: 925-936. 
68. Hatziioannou T, Cowan S, Von Schwedler UK, Sundquist WI, Bieniasz PD 
(2004) Species-specific tropism determinants in the human 
immunodeficiency virus type 1 capsid. J Virol 78: 6005-6012. 
	   	   	   	   	   	  
 139 
69. Keckesova Z, Ylinen LM, Towers GJ (2004) The human and African green 
monkey TRIM5alpha genes encode Ref1 and Lv1 retroviral restriction 
factor activities. Proc Natl Acad Sci U S A 101: 10780-10785. 
70. Perron MJ, Stremlau M, Lee M, Javanbakht H, Song B, et al. (2007) The 
human TRIM5alpha restriction factor mediates accelerated uncoating of 
the N-tropic murine leukemia virus capsid. J Virol 81: 2138-2148. 
71. Perron MJ, Stremlau M, Song B, Ulm W, Mulligan RC, et al. (2004) 
TRIM5alpha mediates the postentry block to N-tropic murine leukemia 
viruses in human cells. Proc Natl Acad Sci U S A 101: 11827-11832. 
72. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, et al. (2004) 
The cytoplasmic body component TRIM5alpha restricts HIV-1 infection in 
Old World monkeys. Nature 427: 848-853. 
73. Pertel T, Hausmann S, Morger D, Zuger S, Guerra J, et al. (2011) TRIM5 is 
an innate immune sensor for the retrovirus capsid lattice. Nature 472: 361-
365. 
74. Stremlau M, Perron M, Lee M, Li Y, Song B, et al. (2006) Specific recognition 
and accelerated uncoating of retroviral capsids by the TRIM5alpha 
restriction factor. Proc Natl Acad Sci U S A 103: 5514-5519. 
75. Zhang X, Kondo M, Chen J, Miyoshi H, Suzuki H, et al. (2010) Inhibitory 
effect of human TRIM5alpha on HIV-1 production. Microbes Infect 12: 
768-777. 
76. Li Y, Li X, Stremlau M, Lee M, Sodroski J (2006) Removal of arginine 332 
allows human TRIM5alpha to bind human immunodeficiency virus capsids 
and to restrict infection. J Virol 80: 6738-6744. 
77. Yap MW, Nisole S, Stoye JP (2005) A single amino acid change in the SPRY 
domain of human Trim5alpha leads to HIV-1 restriction. Curr Biol 15: 73-
78. 
78. Li X, Yeung DF, Fiegen AM, Sodroski J (2011) Determinants of the higher 
order association of the restriction factor TRIM5alpha and other tripartite 
motif (TRIM) proteins. J Biol Chem 286: 27959-27970. 
	   	   	   	   	   	  
 140 
79. Li X, Li Y, Stremlau M, Yuan W, Song B, et al. (2006) Functional replacement 
of the RING, B-box 2, and coiled-coil domains of tripartite motif 5alpha 
(TRIM5alpha) by heterologous TRIM domains. J Virol 80: 6198-6206. 
80. Javanbakht H, Diaz-Griffero F, Stremlau M, Si Z, Sodroski J (2005) The 
contribution of RING and B-box 2 domains to retroviral restriction 
mediated by monkey TRIM5alpha. J Biol Chem 280: 26933-26940. 
81. Song B, Gold B, O'Huigin C, Javanbakht H, Li X, et al. (2005) The 
B30.2(SPRY) domain of the retroviral restriction factor TRIM5alpha 
exhibits lineage-specific length and sequence variation in primates. J Virol 
79: 6111-6121. 
82. Stremlau M, Perron M, Welikala S, Sodroski J (2005) Species-specific 
variation in the B30.2(SPRY) domain of TRIM5alpha determines the 
potency of human immunodeficiency virus restriction. J Virol 79: 3139-
3145. 
83. Sewram S, Singh R, Kormuth E, Werner L, Mlisana K, et al. (2009) Human 
TRIM5alpha expression levels and reduced susceptibility to HIV-1 
infection. J Infect Dis 199: 1657-1663. 
84. van Manen D, Rits MA, Beugeling C, van Dort K, Schuitemaker H, et al. 
(2008) The effect of Trim5 polymorphisms on the clinical course of HIV-1 
infection. PLoS Pathog 4: e18. 
85. Reszka N, Zhou C, Song B, Sodroski JG, Knipe DM (2010) Simian 
TRIM5alpha proteins reduce replication of herpes simplex virus. Virology 
398: 243-250. 
86. Rogers T Intrinisic response to viral replication in primates [Dissertation]. 
Cambridge, Massachusetts: Harvard University. 158 p. 
87. Tissot C, Mechti N (1995) Molecular cloning of a new interferon-induced 
factor that represses human immunodeficiency virus type 1 long terminal 
repeat expression. J Biol Chem 270: 14891-14898. 
88. Tissot C, Taviaux SA, Diriong S, Mechti N (1996) Localization of Staf50, a 
member of the Ring finger family, to 11p15 by fluorescence in situ 
hybridization. Genomics 34: 151-153. 
	   	   	   	   	   	  
 141 
89. Duan Z, Gao B, Xu W, Xiong S (2008) Identification of TRIM22 as a RING 
finger E3 ubiquitin ligase. Biochem Biophys Res Commun 374: 502-506. 
90. Yang C, Zhao X, Sun D, Yang L, Chong C, et al. (2015) Interferon alpha 
(IFNalpha)-induced TRIM22 interrupts HCV replication by ubiquitinating 
NS5A. Cell Mol Immunol. 
91. Di Pietro A, Kajaste-Rudnitski A, Oteiza A, Nicora L, Towers GJ, et al. (2013) 
TRIM22 inhibits influenza A virus infection by targeting the viral 
nucleoprotein for degradation. J Virol 87: 4523-4533. 
92. Singh R, Gaiha G, Werner L, McKim K, Mlisana K, et al. (2011) Association 
of TRIM22 with the type 1 interferon response and viral control during 
primary HIV-1 infection. J Virol 85: 208-216. 
93. Sadeghi F, Bokharaei-Salim F, Salehi-Vaziri M, Monavari SH, Alavian SM, et 
al. (2014) Associations between human TRIM22 gene expression and the 
response to combination therapy with Peg-IFNalpha-2a and ribavirin in 
Iranian patients with chronic hepatitis C. J Med Virol 86: 1499-1506. 
94. Barr SD, Smiley JR, Bushman FD (2008) The interferon response inhibits 
HIV particle production by induction of TRIM22. PLoS Pathog 4: 
e1000007. 
95. Gao B, Wang Y, Xu W, Li S, Li Q, et al. (2013) Inhibition of histone 
deacetylase activity suppresses IFN-gamma induction of tripartite motif 22 
via CHIP-mediated proteasomal degradation of IRF-1. J Immunol 191: 
464-471. 
96. Wang Y, Gao B, Xu W, Xiong S (2011) BRG1 is indispensable for IFN-
gamma-induced TRIM22 expression, which is dependent on the 
recruitment of IRF-1. Biochem Biophys Res Commun 410: 549-554. 
97. Mo XY, Ma W, Zhang Y, Zhao H, Deng Y, et al. (2007) Microarray analyses 
of differentially expressed human genes and biological processes in 
ECV304 cells infected with rubella virus. J Med Virol 79: 1783-1791. 
98. Pereira NZ, Cardoso EC, Oliveira LM, de Lima JF, Branco AC, et al. (2013) 
Upregulation of innate antiviral restricting factor expression in the cord 
blood and decidual tissue of HIV-infected mothers. PLoS One 8: e84917. 
	   	   	   	   	   	  
 142 
99. Gongora C, Tissot C, Cerdan C, Mechti N (2000) The interferon-inducible 
Staf50 gene is downregulated during T cell costimulation by CD2 and 
CD28. J Interferon Cytokine Res 20: 955-961. 
100. Deng YJ, Huang ZX, Zhou CJ, Wang JW, You Y, et al. (2006) Gene 
profiling involved in immature CD4+ T lymphocyte responsible for 
systemic lupus erythematosus. Mol Immunol 43: 1497-1507. 
101. Qiu H, Huang F, Gong J, Xiao H, Sun BL, et al. (2014) TRIM22 can activate 
the noncanonical NF-kappaB pathway by affecting IKKalpha. J Recept 
Signal Transduct Res: 1-6. 
102. Qiu H, Huang F, Xiao H, Sun B, Yang R (2013) TRIM22 inhibits the TRAF6-
stimulated NF-kappaB pathway by targeting TAB2 for degradation. Virol 
Sin 28: 209-215. 
103. Obad S, Olofsson T, Mechti N, Gullberg U, Drott K (2007) Expression of the 
IFN-inducible p53-target gene TRIM22 is down-regulated during erythroid 
differentiation of human bone marrow. Leuk Res 31: 995-1001. 
104. Zirn B, Hartmann O, Samans B, Krause M, Wittmann S, et al. (2006) 
Expression profiling of Wilms tumors reveals new candidate genes for 
different clinical parameters. Int J Cancer 118: 1954-1962. 
105. Wittmann S, Wunder C, Zirn B, Furtwangler R, Wegert J, et al. (2008) New 
prognostic markers revealed by evaluation of genes correlated with clinical 
parameters in Wilms tumors. Genes Chromosomes Cancer 47: 386-395. 
106. Singh R, Patel V, Mureithi MW, Naranbhai V, Ramsuran D, et al. (2014) 
TRIM5alpha and TRIM22 are differentially regulated according to HIV-1 
infection phase and compartment. J Virol 88: 4291-4303. 
107. Bouazzaoui A, Kreutz M, Eisert V, Dinauer N, Heinzelmann A, et al. (2006) 
Stimulated trans-acting factor of 50 kDa (Staf50) inhibits HIV-1 replication 
in human monocyte-derived macrophages. Virology 356: 79-94. 
108. Kajaste-Rudnitski A, Marelli SS, Pultrone C, Pertel T, Uchil PD, et al. (2011) 
TRIM22 inhibits HIV-1 transcription independently of its E3 ubiquitin ligase 
activity, Tat, and NF-kappaB-responsive long terminal repeat elements. J 
Virol 85: 5183-5196. 
	   	   	   	   	   	  
 143 
109. Eldin P, Papon L, Oteiza A, Brocchi E, Lawson TG, et al. (2009) TRIM22 E3 
ubiquitin ligase activity is required to mediate antiviral activity against 
encephalomyocarditis virus. J Gen Virol 90: 536-545. 
110. Gao B, Duan Z, Xu W, Xiong S (2009) Tripartite motif-containing 22 inhibits 
the activity of hepatitis B virus core promoter, which is dependent on 
nuclear-located RING domain. Hepatology 50: 424-433. 
111. Renne R, Barry C, Dittmer D, Compitello N, Brown PO, et al. (2001) 
Modulation of cellular and viral gene expression by the latency-associated 
nuclear antigen of Kaposi's sarcoma-associated herpesvirus. J Virol 75: 
458-468. 
112. Zhang J, Das SC, Kotalik C, Pattnaik AK, Zhang L (2004) The latent 
membrane protein 1 of Epstein-Barr virus establishes an antiviral state via 
induction of interferon-stimulated genes. J Biol Chem 279: 46335-46342. 
113. Holmes EC (2004) Adaptation and immunity. PLoS Biol 2: E307. 
114. Sawyer SL, Wu LI, Emerman M, Malik HS (2005) Positive selection of 
primate TRIM5alpha identifies a critical species-specific retroviral 
restriction domain. Proc Natl Acad Sci U S A 102: 2832-2837. 
115. Sharp PM, Bailes E, Robertson DL, Gao F, Hahn BH (1999) Origins and 
evolution of AIDS viruses. Biol Bull 196: 338-342. 
116. Sawyer SL, Emerman M, Malik HS (2007) Discordant evolution of the 
adjacent antiretroviral genes TRIM22 and TRIM5 in mammals. PLoS 
Pathog 3: e197. 
117. Petersson J, Lonnbro P, Herr AM, Morgelin M, Gullberg U, et al. (2010) The 
human IFN-inducible p53 target gene TRIM22 colocalizes with the 
centrosome independently of cell cycle phase. Exp Cell Res 316: 568-579. 
118. Obad S, Brunnstrom H, Vallon-Christersson J, Borg A, Drott K, et al. (2004) 
Staf50 is a novel p53 target gene conferring reduced clonogenic growth of 
leukemic U-937 cells. Oncogene 23: 4050-4059. 
	   	   	   	   	   	  
 144 
119. Yu S, Gao B, Duan Z, Xu W, Xiong S (2011) Identification of tripartite motif-
containing 22 (TRIM22) as a novel NF-kappaB activator. Biochem Biophys 
Res Commun 410: 247-251. 
120. Maul GG, Negorev D, Bell P, shov A (2000) Review:  properties and 
assembly mechanisms of ND10, PML bodies, or PODs. Struct Biol 129: 
278-287. 
121. Xue Y, Gibbons R, Yan Z, Yang D, McDowell TL, et al. (2003) The ATRX 
syndrome protein forms a chromatin-remodeling complex with Daxx and 
localizes in promyelocytic leukemia nuclear bodies. Proc Natl Acad Sci U 
S A 100: 10635-10640. 
122. Everett RD, Parada C, Gripon P, Sirma H, Orr A (2008) Replication of ICP0-
null mutant herpes simplex virus type 1 is restricted by both PML and 
Sp100. J Virol 82: 2661-2672. 
123. Tavalai N, Papior P, Rechter S, Leis M, Stamminger T (2006) Evidence for 
a role of the cellular ND10 protein PML in mediating intrinsic immunity 
against human cytomegalovirus infections. J Virol 80: 8006-8018. 
124. McFarlane S, Preston CM (2011) Human cytomegalovirus immediate early 
gene expression in the osteosarcoma line U2OS is repressed by the cell 
protein ATRX. Virus Res 157: 47-53. 
125. Chelbi-Alix MK, de The H (1999) Herpes virus induced proteasome-
dependent degradation of the nuclear bodies-associated PML and Sp100 
proteins. Oncogene 18: 935-941. 
126. Maul GG, Guldner HH, Spivack JG (1993) Modification of discrete nuclear 
domains induced by herpes simplex virus type 1 immediate early gene 1 
product (ICP0). J Gen Virol 74: 2679-2690. 
127. Everett RD, Rechter S, Papior P, Tavalai N, Stamminger T, et al. (2006) 
PML contributes to a cellular mechanism of repression of herpes simplex 
virus type 1 infection that is inactivated by ICP0. J Virol 80: 7995-8005. 
128. Lin R, Noyce RS, Collins SE, Everett RD, Mossman KL (2004) The herpes 
simplex virus ICP0 RING finger domain inhibits IRF3- and IRF7-mediated 
activation of interferon-stimulated genes. J Virol 78: 1675-1684. 
	   	   	   	   	   	  
 145 
129. Melroe GT, DeLuca NA, Knipe DM (2004) Herpes simplex virus 1 has 
multiple mechanisms for blocking virus-induced interferon production. J 
Virol 78: 8411-8420. 
130. Knipe DM, Cliffe A (2008) Chromatin control of herpes simplex virus lytic 
and latent infection. Nat Rev Microbiol 6: 211-221. 
131. Gu H, Roizman B (2007) Herpes simplex virus-infected cell protein 0 blocks 
the silencing of viral DNA by dissociating histone deacetylases from the 
CoREST-REST complex. Proc Natl Acad Sci U S A 104: 17134-17139. 
132. Cai W, Schaffer PA (1991) A cellular function can enhance gene expression 
and plating efficiency of a mutant defective in the gene for ICP0, a 
transactivating protein of herpes simplex virus type 1. J Virol 65: 4078-
4090. 
133. Menachery VD, Leib DA (2009) Control of herpes simplex virus replication is 
mediated through an IRF-3 dependent pathway. J Virol 83: 12399-12406. 
134. Nisole S, Lynch C, Stoye JP, Yap MW (2004) A Trim5-cyclophilin A fusion 
protein found in owl monkey kidney cells can restrict HIV-1. Proc Natl 
Acad Sci U S A 101: 13324-13328. 
135. Reszka N, Zhou C, Song B, Sodroski JG, Knipe DM (2010) Simian 
TRIM5alpha proteins reduce replication of herpes simplex virus. Virology 
398: 243-250. 
136. Wang Y, Li H, Tang Q, Maul GG, Yuan Y (2008) Kaposi's sarcoma-
associated herpesvirus ori-Lyt-dependent DNA replication: involvement of 
host cellular factors. J Virol 82: 2867-2882. 
137. Weekes MP, Tomasec P, Huttlin EL, Fielding CA, Nusinow D, et al. (2014) 
Quantitative temporal viromics: an approach to investigate host-pathogen 
interaction. Cell 157: 1460-1472. 
138. Ogembo JG, Kannan L, Ghiran I, Nicholson-Weller A, Finberg RW, et al. 
(2013) Human complement receptor type 1/CD35 is an Epstein-Barr Virus 
receptor. Cell Rep 3: 371-385. 
	   	   	   	   	   	  
 146 
139. Cai W, Schaffer PA (1991) A cellular function can enhance gene expression 
and plating efficiency of a mutant defective in the gene for ICP0, a 
transactivating protein of herpes simplex virus type 1. J Virol 65: 4078-
4090. 
140. Britt WJ (2010) Human cytomegalovirus: propagation, quantification, and 
storage. Curr Protoc Microbiol Chapter 14: Unit 14E 13. 
141. Delecluse HJ, Hilsendegen T, Pich D, Zeidler R, Hammerschmidt W (1998) 
Propagation and recovery of intact, infectious Epstein-Barr virus from 
prokaryotic to human cells. Proc Natl Acad Sci U S A 95: 8245-8250. 
142. Sivaramakrishnan G, Sun Y, Rajmohan R, Lin VC (2009) B30.2/SPRY 
domain in tripartite motif-containing 22 is essential for the formation of 
distinct nuclear bodies. FEBS Lett 583: 2093-2099. 
143. Orzalli MH, Conwell SE, Berrios C, Decaprio JA, Knipe DM (2013) Nuclear 
interferon-inducible protein 16 promotes silencing of herpesviral and 
transfected DNA. Proc Natl Acad Sci U S A. 
144. Honess RW, Roizman B (1974) Regulation of herpesvirus macro-molecular 
synthesis.  I.  Cascade regulation of the synthesis of three groups of viral 
proteins. J Virol 14: 8-19. 
145. Zhang S, Guo JT, Wu JZ, Yang G (2013) Identification and characterization 
of multiple TRIM proteins that inhibit hepatitis B virus transcription. PLoS 
One 8: e70001. 
146. Hay RT, Hay J (1978) Synthesis of herpes simplex virus DNA in 
preparations of chromatin from infected cell nuclei. J Gen Virol 41: 427-
431. 
147. Yamada M, Brun G, Weissbach A (1978) Synthesis of viral and host DNA in 
isolated chromatin from herpes simplex virus-infected HeLa cells. J Virol 
26: 281-290. 
148. Knopf KW (1979) Synthesis of herpes simplex virus DNA in isolated 
chromatin. Biochemistry 18: 1776-1781. 
	   	   	   	   	   	  
 147 
149. Everett RD, Murray J (2005) ND10 components relocate to sites associated 
with herpes simplex virus type 1 nucleoprotein complexes during virus 
infection. J Virol 79: 5078-5089. 
150. Glass M, Everett RD (2013) Components of promyelocytic leukemia nuclear 
bodies (ND10) act cooperatively to repress herpesvirus infection. J Virol 
87: 2174-2185. 
151. Johnson KE, Bottero V, Flaherty S, Dutta S, Singh VV, et al. (2014) IFI16 
Restricts HSV-1 Replication by Accumulating on the HSV-1 Genome, 
Repressing HSV-1 Gene Expression, and Directly or Indirectly Modulating 
Histone Modifications. PLoS Pathog 10: e1004503. 
152. Stremlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, et al. (2004) 
The cytoplasmic body component TRIM5alpha restricts HIV-1 infection in 
Old World monkeys. Nature 427: 848-853. 
153. Hattlmann CJ, Kelly JN, Barr SD (2012) TRIM22: A Diverse and Dynamic 
Antiviral Protein. Mol Biol Int 2012: 153415. 
154. Herr AM, Dressel R, Walter L (2009) Different subcellular localisations of 
TRIM22 suggest species-specific function. Immunogenetics 61: 271-280. 
155. Gu H, Zheng Y, Roizman B (2013) Interaction of herpes simplex virus ICP0 
with ND10 bodies: a sequential process of adhesion, fusion, and retention. 
J Virol 87: 10244-10254. 
156. Paladino P, Collins SE, Mossman KL (2010) Cellular localization of the 
herpes simplex virus ICP0 protein dictates its ability to block IRF3-
mediated innate immune responses. PLoS ONE 5: e10428. 
157. Ramensky V, Bork P, Sunyaev S (2002) Human non-synonymous SNPs: 
server and survey. Nucleic Acids Res 30: 3894-3900. 
158. Radivojac P, Vacic V, Haynes C, Cocklin RR, Mohan A, et al. (2010) 
Identification, analysis, and prediction of protein ubiquitination sites. 
Proteins 78: 365-380. 
	   	   	   	   	   	  
 148 
159. Doniger SW, Kim HS, Swain D, Corcuera D, Williams M, et al. (2008) A 
catalog of neutral and deleterious polymorphism in yeast. PLoS Genet 4: 
e1000183. 
160. Daley D, Park JE, He JQ, Yan J, Akhabir L, et al. (2012) Associations and 
interactions of genetic polymorphisms in innate immunity genes with early 
viral infections and susceptibility to asthma and asthma-related 
phenotypes. J Allergy Clin Immunol 130: 1284-1293. 
161. Azad AK, Sadee W, Schlesinger LS (2012) Innate immune gene 
polymorphisms in tuberculosis. Infect Immun 80: 3343-3359. 
162. Netea MG, Wijmenga C, O'Neill LA (2012) Genetic variation in Toll-like 
receptors and disease susceptibility. Nat Immunol 13: 535-542. 
163. Kelly JN, Barr SD (2014) In silico analysis of functional single nucleotide 
polymorphisms in the human TRIM22 gene. PLoS One 9: e101436. 
164. Ghezzi S, Galli L, Kajaste-Rudnitski A, Turrini F, Marelli S, et al. (2013) 
Identification of TRIM22 single nucleotide polymorphisms associated with 
loss of inhibition of HIV-1 transcription and advanced HIV-1 disease. AIDS 
27: 2335-2344. 
165. Diaz-Griffero F, Li X, Javanbakht H, Song B, Welikala S, et al. (2006) Rapid 
turnover and polyubiquitylation of the retroviral restriction factor TRIM5. 
Virology 349: 300-315. 
166. Grutter MG, Luban J (2012) TRIM5 structure, HIV-1 capsid recognition, and 
innate immune signaling. Curr Opin Virol 2: 142-150. 
167. Kovalskyy DB, Ivanov DN (2014) Recognition of the HIV capsid by the 
TRIM5alpha restriction factor is mediated by a subset of pre-existing 
conformations of the TRIM5alpha SPRY domain. Biochemistry 53: 1466-
1476. 
168. Biris N, Tomashevski A, Bhattacharya A, Diaz-Griffero F, Ivanov DN (2013) 
Rhesus monkey TRIM5alpha SPRY domain recognizes multiple epitopes 
that span several capsid monomers on the surface of the HIV-1 mature 
viral core. J Mol Biol 425: 5032-5044. 
	   	   	   	   	   	  
 149 
169. Zhao G, Ke D, Vu T, Ahn J, Shah VB, et al. (2011) Rhesus TRIM5alpha 
disrupts the HIV-1 capsid at the inter-hexamer interfaces. PLoS Pathog 7: 
e1002009. 
170. Soares EA, Menezes AN, Schrago CG, Moreira MA, Bonvicino CR, et al. 
(2010) Evolution of TRIM5alpha B30.2 (SPRY) domain in New World 
primates. Infect Genet Evol 10: 246-253. 
171. Li X, Song B, Xiang SH, Sodroski J (2007) Functional interplay between the 
B-box 2 and the B30.2(SPRY) domains of TRIM5alpha. Virology 366: 234-
244. 
172. Sakuma R, Noser JA, Ohmine S, Ikeda Y (2007) Rhesus monkey 
TRIM5alpha restricts HIV-1 production through rapid degradation of viral 
Gag polyproteins. Nat Med 13: 631-635. 
173. Perez-Caballero D, Hatziioannou T, Yang A, Cowan S, Bieniasz PD (2005) 
Human tripartite motif 5alpha domains responsible for retrovirus restriction 
activity and specificity. J Virol 79: 8969-8978. 
174. Nakayama EE, Miyoshi H, Nagai Y, Shioda T (2005) A specific region of 37 
amino acid residues in the SPRY (B30.2) domain of African green monkey 
TRIM5alpha determines species-specific restriction of simian 
immunodeficiency virus SIVmac infection. J Virol 79: 8870-8877. 
175. Lim SY, Rogers T, Chan T, Whitney JB, Kim J, et al. (2010) TRIM5alpha 
Modulates Immunodeficiency Virus Control in Rhesus Monkeys. PLoS 
Pathog 6: e1000738. 
176. Nakajima T, Nakayama EE, Kaur G, Terunuma H, Mimaya JI, et al. (2009) 
Impact of novel TRIM5alpha variants, Gly110Arg and G176del, on the 
anti-HIV-1 activity and the susceptibility to HIV-1 infection. AIDS 23: 2091-
2100. 
177. Goldschmidt V, Bleiber G, May M, Martinez R, Ortiz M, et al. (2006) Role of 
common human TRIM5alpha variants in HIV-1 disease progression. 
Retrovirology 3: 54. 
	   	   	   	   	   	  
 150 
178. Sawyer SL, Wu LI, Akey JM, Emerman M, Malik HS (2006) High-frequency 
persistence of an impaired allele of the retroviral defense gene 
TRIM5alpha in humans. Curr Biol 16: 95-100. 
179. Ovsyannikova IG, Haralambieva IH, Vierkant RA, O'Byrne MM, Poland GA 
(2013) Associations between polymorphisms in the antiviral TRIM genes 
and measles vaccine immunity. Hum Immunol 74: 768-774. 
180. International HapMap C, Frazer KA, Ballinger DG, Cox DR, Hinds DA, et al. 
(2007) A second generation human haplotype map of over 3.1 million 
SNPs. Nature 449: 851-861. 
181. Kelly JN, Woods MW, Xhiku S, Barr SD (2014) Ancient and recent adaptive 
evolution in the antiviral TRIM22 gene: identification of a single-nucleotide 
polymorphism that impacts TRIM22 function. Hum Mutat 35: 1072-1081. 
182. Zhao N, Wang XL, Gu QH, Huang F, Zheng W, et al. (2014) Tripartite Motif-
Containing 22 Gene -364T/C Polymorphism Associated With Hepatitis B 
Virus Infection in Chinese Han Population. Hepat Mon 14: e12110. 
183. Lim S-YaL, N.L. 
184. Piccinotti S, Kirchhausen T, Whelan SP (2013) Uptake of rabies virus into 
epithelial cells by clathrin-mediated endocytosis depends upon actin. J 
Virol 87: 11637-11647. 
185. Dirmeier U, Neuhierl B, Kilger E, Reisbach G, Sandberg ML, et al. (2003) 
Latent membrane protein 1 is critical for efficient growth transformation of 
human B cells by epstein-barr virus. Cancer Res 63: 2982-2989. 
186. Li X, Gold B, O'HUigin C, Diaz-Griffero F, Song B, et al. (2007) Unique 
features of TRIM5alpha among closely related human TRIM family 
members. Virology 360: 419-433. 
187. Javanbakht H, An P, Gold B, Petersen DC, O'Huigin C, et al. (2006) Effects 
of human TRIM5alpha polymorphisms on antiretroviral function and 
susceptibility to human immunodeficiency virus infection. Virology 354: 15-
27. 
	   	   	   	   	   	  
 151 
188. Ryan JL, Kaufmann WK, Raab-Traub N, Oglesbee SE, Carey LA, et al. 
(2006) Clonal evolution of lymphoblastoid cell lines. Lab Invest 86: 1193-
1200. 
189. Hurley EA, Thorley-Lawson DA (1988) B cell activation and the 
establishment of Epstein-Barr virus latency. J Exp Med 168: 2059-2075. 
190. Houldcroft CJ, Petrova V, Liu JZ, Frampton D, Anderson CA, et al. (2014) 
Host genetic variants and gene expression patterns associated with 
Epstein-Barr virus copy number in lymphoblastoid cell lines. PLoS One 9: 
e108384. 
191. Wheeler HE, Gorsic LK, Welsh M, Stark AL, Gamazon ER, et al. (2011) 
Genome-wide local ancestry approach identifies genes and variants 
associated with chemotherapeutic susceptibility in African Americans. 
PLoS One 6: e21920. 
192. Choy E, Yelensky R, Bonakdar S, Plenge RM, Saxena R, et al. (2008) 
Genetic analysis of human traits in vitro: drug response and gene 
expression in lymphoblastoid cell lines. PLoS Genet 4: e1000287. 
193. Rubicz R, Yolken R, Drigalenko E, Carless MA, Dyer TD, et al. (2013) A 
genome-wide integrative genomic study localizes genetic factors 
influencing antibodies against Epstein-Barr virus nuclear antigen 1 (EBNA-
1). PLoS Genet 9: e1003147. 
194. Ternak G, Szucs G, Uj M (1997) The serological signs of the Epstein-Barr 
virus (EBV) activity in the elderly. Acta Microbiol Immunol Hung 44: 133-
140. 
195. Kar AK, Mao Y, Bird G, Walensky L, Sodroski J (2011) Characterization of a 
core fragment of the rhesus monkey TRIM5alpha protein. BMC Biochem 
12: 1. 
196. Nakayama EE, Nakajima T, Kaur G, Mimaya JI, Terunuma H, et al. (2013) 
A naturally occurring single amino acid substitution in human TRIM5alpha 
linker region affects its anti-HIV type 1 activity and susceptibility to HIV 
type 1 infection. AIDS Res Hum Retroviruses 29: 919-924. 
	   	   	   	   	   	  
 152 
197. Ortiz M, Guex N, Patin E, Martin O, Xenarios I, et al. (2009) Evolutionary 
trajectories of primate genes involved in HIV pathogenesis. Mol Biol Evol 
26: 2865-2875. 
198. Kar AK, Diaz-Griffero F, Li Y, Li X, Sodroski J (2008) Biochemical and 
biophysical characterization of a chimeric TRIM21-TRIM5alpha protein. J 
Virol 82: 11669-11681. 
199. Langelier CR, Sandrin V, Eckert DM, Christensen DE, Chandrasekaran V, 
et al. (2008) Biochemical characterization of a recombinant TRIM5alpha 
protein that restricts human immunodeficiency virus type 1 replication. J 
Virol 82: 11682-11694. 
200. Mische CC, Javanbakht H, Song B, Diaz-Griffero F, Stremlau M, et al. 
(2005) Retroviral restriction factor TRIM5alpha is a trimer. J Virol 79: 
14446-14450. 
201. Maillard PV, Ecco G, Ortiz M, Trono D (2010) The specificity of TRIM5 
alpha-mediated restriction is influenced by its coiled-coil domain. J Virol 
84: 5790-5801. 
202. Van Valen L (1973) A new evolutionary law. Evolutionary Theory 1: 1-30. 
203. Daugherty MD, Malik HS (2012) Rules of engagement: molecular insights 
from host-virus arms races. Annu Rev Genet 46: 677-700. 
204. Hyde JL, Gardner CL, Kimura T, White JP, Liu G, et al. (2014) A viral RNA 
structural element alters host recognition of nonself RNA. Science 343: 
783-787. 
205. Daffis S, Szretter KJ, Schriewer J, Li J, Youn S, et al. (2010) 2'-O 
methylation of the viral mRNA cap evades host restriction by IFIT family 
members. Nature 468: 452-456. 
206. Orzalli MH, Broekema NM, Diner BA, Hancks DC, Elde NC, et al. (2015) 
cGAS-mediated stabilization of IFI16 promotes innate signaling during 
herpes simplex virus infection. Proc Natl Acad Sci U S A 112: E1773-
1781. 
	   	   	   	   	   	  
 153 
207. Gariano GR, Dell'Oste V, Bronzini M, Gatti D, Luganini A, et al. (2012) The 
intracellular DNA sensor IFI16 gene acts as restriction factor for human 
cytomegalovirus replication. PLoS Pathog 8: e1002498. 
208. Liu Z, Zheng X, Wang Y, Song H (2014) Bacterial expression of the HINab 
domain of IFI16: purification, characterization of DNA binding activity, and 
co-crystallization with viral dsDNA. Protein Expr Purif 102: 13-19. 
209. Everett RD (2011) The use of fluorescence microscopy to study the 
association between herpesviruses and intrinsic resistance factors. 
Viruses 3: 2412-2424. 
210. Sourvinos G, Tavalai N, Berndt A, Spandidos DA, Stamminger T (2007) 
Recruitment of human cytomegalovirus immediate-early 2 protein onto 
parental viral genomes in association with ND10 in live-infected cells. J 
Virol 81: 10123-10136. 
211. Everett RD, Sourvinos G, Orr A (2003) Recruitment of herpes simplex virus 
type 1 transcriptional regulatory protein ICP4 into foci juxtaposed to ND10 
in live, infected cells. J Virol 77: 3680-3689. 
212. Negorev D, Maul GG (2001) Cellular proteins localized at and interacting 
within ND10/PML nuclear bodies/PODs suggest functions of a nuclear 
depot. Oncogene 20: 7234-7242. 
213. Burkham J, Coen DM, Hwang CB, Weller SK (2001) Interactions of herpes 
simplex virus type 1 with ND10 and recruitment of PML to replication 
compartments. J Virol 75: 2353-2367. 
214. Burkham J, Coen DM, Weller SK (1998) ND10 protein PML is recruited to 
herpes simplex virus type 1 prereplicative sites and replication 
compartments in the presence of viral DNA polymerase. J Virol 72: 10100-
10107. 
215. Tavalai N, Adler M, Scherer M, Riedl Y, Stamminger T (2011) Evidence for 
a dual antiviral role of the major nuclear domain 10 component Sp100 
during the immediate-early and late phases of the human cytomegalovirus 
replication cycle. J Virol 85: 9447-9458. 
	   	   	   	   	   	  
 154 
216. Cuchet D, Sykes A, Nicolas A, Orr A, Murray J, et al. (2011) PML isoforms I 
and II participate in PML-dependent restriction of HSV-1 replication. J Cell 
Sci 124: 280-291. 
217. Tavalai N, Papior P, Rechter S, Leis M, Stamminger T (2006) Evidence for 
a role of the cellular ND10 protein PML in mediating intrinsic immunity 
against human cytomegalovirus infections. J Virol 80: 8006-8018. 
218. Everett RD, Rechter S, Papior P, Tavalai N, Stamminger T, et al. (2006) 
PML contributes to a cellular mechanism of repression of herpes simplex 
virus type 1 infection that is inactivated by ICP0. J Virol 80: 7995-8005. 
219. Reymond A, Meroni G, Fantozzi A, Merla G, Cairo S, et al. (2001) The 
tripartite motif family identifies cell compartments. EMBO J 20: 2140-2151. 
220. Maul GG, Everett RD (1994) The nuclear location of PML, a cellular 
member of the C3HC4 zinc-binding domain protein family, is rearranged 
during herpes simplex virus infection by the C3HC4 viral protein ICP0. J 
Gen Virol 75 ( Pt 6): 1223-1233. 
221. Sivaramakrishnan G, Sun Y, Tan SK, Lin VC (2009) Dynamic localization of 
tripartite motif-containing 22 in nuclear and nucleolar bodies. Exp Cell Res 
315: 1521-1532. 
222. Rivera-Molina YA, Martinez FP, Tang Q (2013) Nuclear domain 10 of the 
viral aspect. World J Virol 2: 110-122. 
223. Chee AV, Lopez P, Pandolfi PP, Roizman B (2003) Promyelocytic leukemia 
protein mediates interferon-based anti-herpes simplex virus 1 effects. J 
Virol 77: 7101-7105. 
224. Maul GG (2008) Initiation of cytomegalovirus infection at ND10. Curr Top 
Microbiol Immunol 325: 117-132. 
225. Adamson AL, Kenney S (2001) Epstein-barr virus immediate-early protein 
BZLF1 is SUMO-1 modified and disrupts promyelocytic leukemia bodies. J 
Virol 75: 2388-2399. 
	   	   	   	   	   	  
 155 
226. Obad S (2007) TRIM22/Staf50 - A novel target gene of the tumor 
suppressor p53. 
227. Tavalai N, Stamminger T (2011) Intrinsic cellular defense mechanisms 
targeting human cytomegalovirus. Virus Res 157: 128-133. 
228. Bryant KF, Colgrove RC, Knipe DM (2011) Cellular SNF2H chromatin-
remodeling factor promotes herpes simplex virus 1 immediate-early gene 
expression and replication. MBio 2: e00330-00310. 
229. Knipe DM, Lieberman PM, Jung JU, McBride AA, Morris KV, et al. (2013) 
Snapshots: chromatin control of viral infection. Virology 435: 141-156. 
230. Hill JM, Quenelle DC, Cardin RD, Vogel JL, Clement C, et al. (2014) 
Inhibition of LSD1 reduces herpesvirus infection, shedding, and 
recurrence by promoting epigenetic suppression of viral genomes. Sci 
Transl Med 6: 265ra169. 
231. Sebastian S, Luban J (2005) TRIM5alpha selectively binds a restriction-
sensitive retroviral capsid. Retrovirology 2: 40. 
232. Sastri J, Johnsen L, Smolin N, Imam S, Mukherjee S, et al. (2014) 
Restriction of HIV-1 by rhesus TRIM5alpha is governed by alpha helices in 
the Linker2 region. J Virol 88: 8911-8923. 
233. Gross S, Catez F, Masumoto H, Lomonte P (2012) Centromere architecture 
breakdown induced by the viral E3 ubiquitin ligase ICP0 protein of herpes 
simplex virus type 1. PLoS One 7: e44227. 
234. Lomonte P, Morency E (2007) Centromeric protein CENP-B proteasomal 
degradation induced by the viral protein ICP0. FEBS Lett 581: 658-662. 
235. Lomonte P, Sullivan KF, Everett RD (2001) Degradation of nucleosome-
associated centromeric histone H3-like protein CENP-A induced by 
herpes simplex virus type 1 protein ICP0. J Biol Chem 276: 5829-5835. 
236. Everett RD, Earnshaw WC, Findlay J, Lomonte P (1999) Specific 
destruction of kinetochore protein CENP-C and disruption of cell division 
	   	   	   	   	   	  
 156 
by herpes simplex virus immediate-early protein Vmw110. EMBO J 18: 
1526-1538. 
237. Morency E, Sabra M, Catez F, Texier P, Lomonte P (2007) A novel cell 
response triggered by interphase centromere structural instability. J Cell 
Biol 177: 757-768. 
238. Sabra M, Texier P, El Maalouf J, Lomonte P (2013) The Tudor protein 
survival motor neuron (SMN) is a chromatin-binding protein that interacts 
with methylated lysine 79 of histone H3. J Cell Sci 126: 3664-3677. 
239. Lu Y, Everett RD (2015) Analysis of the Functional Interchange between the 
IE1 and pp71 Proteins of Human Cytomegalovirus and ICP0 of Herpes 
Simplex Virus 1. J Virol 89: 3062-3075. 
240. Herquel B, Ouararhni K, Davidson I (2011) The TIF1alpha-related TRIM 
cofactors couple chromatin modifications to transcriptional regulation, 
signaling and tumor suppression. Transcription 2: 231-236. 
241. Wolf D, Goff SP (2007) TRIM28 mediates primer binding site-targeted 
silencing of murine leukemia virus in embryonic cells. Cell 131: 46-57. 
242. Ellis J, Hotta A, Rastegar M (2007) Retrovirus silencing by an epigenetic 
TRIM. Cell 131: 13-14. 
243. Forrester NA, Patel RN, Speiseder T, Groitl P, Sedgwick GG, et al. (2012) 
Adenovirus E4orf3 targets transcriptional intermediary factor 1gamma for 
proteasome-dependent degradation during infection. J Virol 86: 3167-
3179. 
244. Ou HD, Kwiatkowski W, Deerinck TJ, Noske A, Blain KY, et al. (2012) A 
structural basis for the assembly and functions of a viral polymer that 
inactivates multiple tumor suppressors. Cell 151: 304-319. 
245. Josset L, Belser JA, Pantin-Jackwood MJ, Chang JH, Chang ST, et al. 
(2012) Implication of inflammatory macrophages, nuclear receptors, and 
interferon regulatory factors in increased virulence of pandemic 2009 
H1N1 influenza A virus after host adaptation. J Virol 86: 7192-7206. 
	   	   	   	   	   	  
 157 
246. Jefferies C, Wynne C, Higgs R (2011) Antiviral TRIMs: friend or foe in 
autoimmune and autoinflammatory disease? Nat Rev Immunol 11: 617-
625. 
247. Obad S, Olofsson T, Mechti N, Gullberg U, Drott K (2007) Regulation of the 
interferon-inducible p53 target gene TRIM22 (Staf50) in human T 
lymphocyte activation. J Interferon Cytokine Res 27: 857-864. 
248. Raposo RA, Gupta R, Abdel-Mohsen M, Dimon M, Debbaneh M, et al. 
(2015) Antiviral gene expression in psoriasis. J Eur Acad Dermatol 
Venereol. 
249. Coit P, Jeffries M, Altorok N, Dozmorov MG, Koelsch KA, et al. (2013) 
Genome-wide DNA methylation study suggests epigenetic accessibility 
and transcriptional poising of interferon-regulated genes in naive CD4+ T 
cells from lupus patients. J Autoimmun 43: 78-84. 
250. Lim J, Hao T, Shaw C, Patel AJ, Szabo G, et al. (2006) A protein-protein 
interaction network for human inherited ataxias and disorders of Purkinje 
cell degeneration. Cell 125: 801-814. 
251. Hatakeyama S (2011) TRIM proteins and cancer. Nat Rev Cancer 11: 792-
804. 
252. Sun Y, Ho GH, Koong HN, Sivaramakrishnan G, Ang WT, et al. (2013) 
Down-regulation of tripartite-motif containing 22 expression in breast 
cancer is associated with a lack of p53-mediated induction. Biochem 
Biophys Res Commun 441: 600-606. 
253. Carotenuto M, Pedone E, Diana D, de Antonellis P, Dzeroski S, et al. (2013) 
Neuroblastoma tumorigenesis is regulated through the Nm23-H1/h-Prune 
C-terminal interaction. Sci Rep 3: 1351. 
254. de Bruyn Kops A, Knipe DM (1988) Formation of DNA replication structures 
in herpes virus-infected cells requires a viral DNA binding protein. Cell 55: 
857-868. 
255. Hobbs WE, 2nd, DeLuca NA (1999) Perturbation of cell cycle progression 
and cellular gene expression as a function of herpes simplex virus ICP0. J 
Virol 73: 8245-8255. 
	   	   	   	   	   	  
 158 
256. Olgiate J, Ehmann GL, Vidyarthi S, Hilton MJ, Bachenheimer SL (1999) 
Herpes simplex virus induces intracellular redistribution of E2F4 and 
accumulation of E2F pocket protein complexes. Virology 258: 257-270. 
257. Lomonte P, Everett RD (1999) Herpes simplex virus type 1 immediate-early 
protein Vmw110 inhibits progression of cells through mitosis and from 
G(1) into S phase of the cell cycle. J Virol 73: 9456-9467. 
258. Flemington EK (2001) Herpesvirus lytic replication and the cell cycle: 
arresting new developments. J Virol 75: 4475-4481. 
259. Ohmine S, Sakuma R, Sakuma T, Thatava T, Takeuchi H, et al. (2011) The 
antiviral spectra of TRIM5alpha orthologues and human TRIM family 
proteins against lentiviral production. PLoS One 6: e16121. 
260. Kajaste-Rudnitski A, Pultrone C, Marzetta F, Ghezzi S, Coradin T, et al. 
(2010) Restriction factors of retroviral replication: the example of Tripartite 
Motif (TRIM) protein 5 alpha and 22. Amino Acids 39: 1-9. 
 
